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AN X-RAY DIFFRACTION STUDY OF THE RECON-
STRUCTIONS INDUCED BY Sn AND Pb ON Ge(lll) SUR-
FACES 
Jan Skov Pedersen 
Abstract: This report describes surface x-ray diffraction studies of Ge(lll) surfaces 
covered by submonolayers of Sn and Pb. The report is divided into three parts: The first 
fart is a brief review of the properties of the "clean" Si(lll) and GeQll) surfaces, of the 
properties of the Sn- and Pb-covered Ge(lll) surfaces, and of the surface x-ray scattering 
technique. Part two of the report concerns x-ray scattering measurements on the ot-phase 
of the Ge(lliy 3 x / 3-Sn and the Ge(lll)/3 x J 3-Pb reconstructions. The structure factor 
analysis shows a significant relaxation in the Ge substrate induced by the Sn/Pb adatoms. 
The registry of the adatoms is determined from the analysis of the integer-order 
reflections. The intensity profiles of the fractional-order Bragg rods display a pronounced 
variation, which is explained by subsurface relaxation extending four atomic layers into 
the bulk. Part three of the report describes the structure of the 7x7 and 5x5 
reconstructions that are observed after deposition of submonolayers of Sn on the Ge(lll) 
surface and subsequent annealing. The diffraction patterns for both structures show 
considerable similarity with the pattern for Si(lll)7x7, and the analysis shows that the 
Dimer-Adatom-Stacking-fault (DAS) model also is applicable to the Sn-induced 
Ge(lll)7 x 7 and Ge(lll)5 x 5 structures. The adatoms are identified to be Sn. The results of 
the refinement of the atomic coordinates show that the atoms in the upper five atomic 
layers are displaced from their ideal positions. The displacements around the adaterns are 
similar to the displacements of the Gc(Ul)/ 3 x /3-Sn surface. Furthermore, the observed 
relaxations are in good agreement with the predictions of total-energy calculations. In 
order to perform a detailed comparison between the experimentally and theoretically 
determined atomic positions, a series of elastic strain calculations by the Keating model 
have been carried out. It is demonstrated that this model gives a good description of the 
atomic relaxations of the Ge(HlV3 x J 3-Sn (Pb), Ge(lll)7 x 7-Sn, and Ge(lll)5 x 5-Sn 
surfaces. 
February 1988 
Risø National Laboratory, DK-4000 Roskilde, Denmark 
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1. GENERAL INTRODUCTION 
1.1. Semiconductors ?nd Surface Science 
The electronics <n>iustr> has gone t' -ugh a t.Jinendous development during the last 
thirty years. Firv., the production changed to transistors and later to integrated .ircuits. 
The way of pla'irg irany devices on the samt semiconducto*- substrate has .nade it 
desirable to ma*e the individual components as ; man as possible. As the devices have 
become smaller the boundaries and interfaces more strongly influence the characteristics. 
Therefore it is r.or sufficient io understand the physics of bulk semiconductors. An 
understanding of the physics of the interfaces is also required. 
During the last cu»ple of decades the sr: ly of surf?ces and interfaces has develop«:, into a 
separate branch of physics: surface science. The topics of interest are of course the 
electronic and atomic structure uf interfaces. Typical examples of the interfaces :hat arc 
studied are the semiconductr r-vaciu n, the semiconductor-semiconductor, and the 
semiconductor -»neial interfaces. 
Since the early davs of solid state ;>iys:cs it has freonen J*-- been considered convenient to 
treat crystals, .is if they were iiiilnirt periodic repeating structures T..is is realized 
theoretically by periodic boundary <o>.»{Jtions. In reality, a crystal will of corrse always 
have surfaces. The simplest w;,y o( nWuining a surface theoretically is to consider
 a crystal 
which is semi-infinite in one dirtcti«.:.. This giver .<n interface to the vacuum. The lower 
symmetry at the surface will in nai.v cases lead to a relaxation of the atoms close to the 
surface away from the positions they would occupy in an ideal eye tal. In soiie cases an 
additional rebon"ing of the surface at mis takes olace resulting in a surface r e instruction. 
In order to perform experimentc-i investigations on surfaces several difficulties nave to be 
overcome. The i'rst requiren-cnt is that the samp ; surface should be kept Hean for a 
period long enough for the measurements. Iirpur' ;s wouid chaiig«: the properties of the 
surface so the san.ple has to be undcv uUra-high r. :uum (UHV) conditions, wi.ich means 
a pressure bette, than 10'° tnbar. The next problem is that the number of atoms at the 
surface is typically seven orders of magnitude smaller than the number of atoms with bulk 
surroundings. Tie experiment has to hi ve surface. ;nsitivity o avoic« the signal from the 
surface atoms disappearing in thr signs! irom the b ;Ik atoms. A typicai example of a probe 
for a surface experiment is an electron beam Klec -c.;;s interact strongly with matter and 
"see" therefore t,<nW the ourcnr.cst faye s oi r. c«ys ?] Son.. of the techniques employing 
electron beams are Low Energy Electron Diffrac urn (LEED), Reflecting High Energy 
Electron diffraction (RHEED), ard Auger Hie tt«>i, ; ectros-opy (\ES). The latter gives 
information on the chemical composition of the ;;'.r'ace, whereas LEED and RHEED 
give information on the periodicity c i tb. SUK'&„••., and to some extent also on the 
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structuie. However, due to the strong interaction, *hc diffraction is dynamical, and the 
interpretation of the diffraction patterns requite« extensive computer calculations with 
complex electron scattering models (Kane (19tQ). This excludes the .implication of the 
Fourier methods of standard crystallography, which can only be used for kinematical 
scattering. 
The complicated data analysis nf LEcD \w resulted in a search for other structural 
techniques. In 1979 x-ray scattering at grazing incidence was introduced by Mirra et al. 
(Section 1.4.}. The great advantage of this technique is that the interaction between x-rays 
and matter is so weak that the scattering can be described by Kinematical theory. In order 
to enhance the diffraction signal from the surface relative tr the signal from the bulk, the 
angle of incidence of the x-rays is chosen dose M the critical angle for total external 
reflection. To obtain reasooablc cortntinj- rates intense x-ray sources are needed and the 
experiments are usually performed widt synchrwon radiation. 
The electronic structure of surfaces can be studied experimentally by photoctectron 
spectroscopy (PES). In an augie-integi&cd PES experiment atoms with different sur-
roundings can be identified by measuring the electronic binding energies of the core 
electrons. By applying <m angle-resolved method the efc rtronic band structure of the 
surface (and the bulk) can be determined. The actual banc structure of a surface is closely 
interrelated with the surface atomic gtonietry. 
The theoretical understanding of surface reconstructions is mainly based on total-energy 
calculations. When structural models are proposed, a comparison of their total energy can 
be used to find the most favourable.)» sb-initio total-energy calculations the Schrodinger 
equation for the electrons is solved without requiring any experimental determined 
parameters. The any input is the structural model. However, in order to solve the 
Schrodinger equ? ik<n some approximations hzvc to be employed. An often used techni-
que is based on pseudopote-iriJs within a local-density approximation. The calculations 
are extremely expensive in cmtuter time, and therefore only reconstructions with a 
small number of acorns c*u be treated. In addition to obtaining the total energy of a 
surface, the dispersion of tne electronic surface bands are usually calculated. The disper-
sion can be compared u- the experimental results from angle-resolved photoemission. 
Further structural information on the atomic geometry of a proposed model can be 
obtained from minim ».ng the total energy with respect to the position of the surface 
atoms. 
Semi-en pineal total <-*>ergy calculations for covalent crystals are often based on tight-
binding approximations, in which only a limited number of atomic orbitals is included. 
The calculations need th« value of some parameters from experiments or from mot 
advanced calculations. The great advantage of the tight-binding at proach is that large 
surface reconstructions can be treated without large amount of com rater time. Beside of 
giving the total energy of a model, the calculations can also be used to obtain the 
optimized atomic positions. 
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An aiternative way of determining the atomic positions is to apply an elastic strain 
calculation. In this approach the electronic structure is not taken into account, and the 
interactions between atoms are taken as purely classical. For covalentiy bonded crystals a 
good description of the strain energy is obtained by induding only two terms: one 
describing the energy cost of bond stretching and another describing bond bending. The 
calculations require only few parameters, which can be determined from the bulk elastic 
properties. For a given model one has to specify which atoms are bonded to each other. 
The atomic coordinates are determined from a minimization of the elastic strain energy 
with respect to the atomic coordinates. 
This thesis concerns x-ray scattering investigations of surface reconstructions on ger-
manium surfaces induced by submonolayer coverages of tin and lead. The atomic 
coordinates of the atoms in the reconstructions are determined in the dau analysis. Some 
theoretical information on the structures are available from ab-initio and tight-binding 
calculations. However, in order to perform a detailed comparison between the experi-
mentaliy and theoretically determined atomic positions a series of elastic strain calcula-
tions have been carried out. 
1.2. The Si(lU) and Ge(lll) Surfaces 
In this section a brief review of the current state of understanding of the reconstructions 
on the (HI) surface of Silicon and Germanium is given. It is not intended to give a 
complete overview, but to present somt information that will make it easier to relate the 
new results, presented in chapter 2 and 3, to previous work. More extensive reviews have 
been given by Kahn tf 983X van der Veen (1985), Olmstead (1987), and Haneman (1987). 
1.2.a Surface Reconstruction 
Both Silicon and Germanium belong to group IV in the Periodic Table, and the two 
dements both have the diamond structure (Figure l.i.a). A crystal with an ideally 
terminated (111) surface (Figure l.l.b) consists of bilayers of atoms, stacked in an 
...ABCABC... sequence. Viewed along the surface normal the atoms in each bilayer are 
arranged in hexagons (Figure l.l.c). The outer atoms of the surface have each an 
unsaturated bond directed into the vacuum - a "dangling'' bond. The energy of these 
surface atoms is higher than the energy of the bulk atoms since they can lower their energy 
by bonding to other atoms. This is in analogy with the lower energy of an H2 molecule 
relative to the energy of two separated H atoms. The driving mechanism of surface 
reconstructions is the lowering of the energy due to the reduction of the number of 
dangling bonds which can be achieved by a rebonding of the surface atoms. The limiting 
factor is the energy cost of bond configuration deformation away from the ideal 
tetrahedral bonds. The resulting surface structure will have a surface unit cell which is 
larger than the unit cell of the ideally terminated crystal (Figure l.l.c). When 
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Figure 1.1.: a) The cubic unit cell of the diamond structure. The (111) surface is 
obtained, when the non-shaded atoms are renoved. b) A perspective 
view of the surface. The "dangling" bonds are indicated by dots. 
The crystal is made up of bilayers. c) The surface viewed along the 
surface normal. The unit cell of the surface is shown. 
the repeat distance is n times the length of the original unit cell along one axis in the 
surface coordinate system and m times along the other axis, the structure is referred to as 
an n x m reconstruction. 
In the electronic band structure the dangling bond gives rise to a defect state in the gap 
between the conduction and the valence band (Harrison (1980) and McKinley et al. (1981)). 
The dangling bonds are localized states, and therefore the corresponding (half-filled) 
band has a relatively narrow band width. A reconstruction of the surface can split the 
occupied and unoccupied states, and a lowering of the electronic energy can occur if the 
occupied states are shifted to lower energies. Another effect which contributes to an 
energy reduction is a derealization of the surface electrons (i.e. an increase of the band 
width). This is (he case for the reconstructions that are presented in the next section. 
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L2.b The Cleaved Si(Ul)2 x 1 and Ge(lll)2 x 1 Surfaces 
The first LEED observations of 2 x I reconstructions on Si(lll) and Ge(lll) surfaces, 
created by cleavage at room temperature, were made by Lander et al. in 1963. These 
reconstructions are metastable and can be converted by annealing to other stable structu-
res. For Si, annealing to temperatures higher than 4Q0°C, gives a stable 7x7 reconstruc-
tion (Lander et al. (1963)) and for Ge a c(2 x 8) structure is observed after annealing above 
200°C. The same stable reconstructions are found on cut and polished (111) surfaces after 
cleaning by ion bombardment and annealing (Farnsworth et al. (19S9) and Palmberg and 
Pcria(1967)). 
Several models have been suggested for the 2x1 structure. However, the generally 
accepted model for Si as well as for Ge is now the ir-bonded chain model proposed by 
Pandey in 1981. All the experimental data for the 2x1 reconstructions seem to be well 
described by this model. Figure 1.2. shows a perspective drawing of the model. It involves 
a considerable rearrangement of the atoms, and it appeared unlikely that the energy 
required for such a rebonding could be made available during cleavage at room temperatu-
re. This objection to the model was removed by the total-energy calculations by Northrup 
and Cohen (1982a). They showed that for Si, the energy barrier between die ideally 
terminated surface and the ir-bonded chain geometry is less than 30meV, which is the 
same as the thermal energy. Another important result of the total-energy calculations for 
Si is the very low energy of this model. Relative to the ideally terminated 1x1 surface, the 
energy is 0.37-0.47 eV lower per surface atom (Northrup and Cohen (1982a), Nielsen et al. 
(1983) and Vanderbilt (1987a)). Also for Ge the model has a lower energy than other 
proposed geometries (Northrup and Cohen (1983)). 
Figure 1.2. The ir-bonded chain model of 
Pandey (1981), shown in perspective view 
(after Northrop and Cohen (1983)). The 
tilting of the outer atoms, found theoreti-
cally for Ge (Northrup and Cohen (1983)) 
and experimentally from ion scattering 
and LEED experiments for Si, is inclu-
ded. 
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The dispersion of the surface bands of the ir-bonded chain model is very anisotropic 
(Figure 1.3.). Along the chains (close to the view direction in Figure 1.2.) the electrons are 
delocalized, and the bands are broad. Perpendicular to the chains, the electrons are more 
localized, which results in narrow bands. Theory and experiment show a good agreement 
for Si (Northrup and Cohen (1982a), Uhrberg et al. (1982), and Perfetti et al. (1987)) as 
well as for Ge (Northrup and Cohen (1983) and Nicholls et al. (1985a)). However, the 
theoretical dispersions have too small band gaps due to the methods used for the 
calculations. 
Si(111)2x1 Ge(111)2xl 
Figure 1.3. The dispersion of the surface state for Si and Ge. The hatched area 
indicates the projection of the bulk bands. Experimental results are 
shown as points (Uhrberg et al. (1982), Nicholls et al. (1985a), and 
Perfetti et al. (1987)). The dispersions found from total energy 
calculations are displayed as full and broken lines (Northrup and 
Cohen (1982a,1983)). 
Strong indications for the -tr-bonded chain model were found by Tromp et al. (1983) by 
Rutherford backscattering (RBS) on Si. The experiments showed that more atoms were 
visible to the ion beam than for an ideal 1 x 1 surface. This is expected for the model which 
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has large atomic displacements. Good agreement with the model was obtained by Monte 
Carlo simulations, when subsurface relaxations and a small tilting of the chain normal to 
the chain direction were included. 
Recent LEED studies give some support for a ir-bonded chain model, which includes 
subsurface relaxations and a chain tilting (Himpsel et a!. (1984), Batra et al. (1985), and 
Sakama (1986)). However, some discrepancies between calculated and measured intensiti-
es are present. The agreement is worse than what is considered to be conclusive by LEED 
standards. 
Although more information is available for Si than for Ge, we see that the structure of the 
2x1 reconstructions of both Si and Ge is well described by the ir-bonded chain model. 
Consequently, it demonstrates the chemical and physical similarity of the cleaved Si and 
Ge (111) surface, in agreement with the bulk properties (Harrison (1980)). Hence, it is 
surprising that the stable reconstructions of the (111) surfaces have very different periodi-
cities: 7x7 for Si (Farnsworth et al. (1959)) and c(2x8) for Ge (Palmberg and Peria 
(1967)). These stable structures are discussed in the following sections. 
The large unit cell of these stable structures makes it impossible to perform a structure 
determination by LEED. Due to the multiple scattering one can at present only handle 
structures with a maximum of about ten atoms per unit cell Hence, other structural 
methods, like x-ray diffraction, is needed to solve the structure of these large reconstruc-
tions. 
1.2.C The Si(lll)7 x 7 Surface 
The atomic geometry of the Si(l 11 )7 x 7 reconstruction seems at present well established. 
The final model is a result of 25 years' scientific detective work with numerous important 
contributions. The successful completion of the work is outlined below. 
An important clue to the structure was given by RBS experiments performed by Culbert-
son et al. (1980) and Tromp et al. (1982). Measurements with normal incidence of the ion 
beam indicated a nearly bulk-like surface, whereas off-normal incidence showed that 
more atoms were visible to the beam. This means that the atomic positions projected on 
the surface plane are quite near bulk positions and secondly that the positions of the 
surface atoms projected along the off-normal directions are quite different from bulk 
positions. This led Bennett et al. (1983) to propose that the surface layers have a stacking 
fault. McRae (1983) suggested a model in which the hexagonal 7x7 unit cell is divided 
into two triangles with different stacking sequence in the surface layers. As shown below, a 
similar arrangement is present in the final model. 
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Tke next important results came from Scanning Tunneling Microscopy (STM) experi-
ments by Binnig et al. (I983). In this technique a sharp tip is scanned across the surface 
close enough to have a tunneling current between the tip and the surface. The height of 
the tip above the surface is varied to give a constant current as the tip is scanned. A display 
of the tip height versus tip position shows 12 maxima distributed in a local 2x2 
arrangement, as indicated in Figure 1.4. The maxima were interpreted as adatoms. 
O O O \ 
\o o \ \ o o\ \o N \ o o o 
Figure 1.4. Distribution of the 12 maxima, found in a display of the tip height 
versus the tip position parallel to the surface, for the STM experiment 
by Binnig etal. (1983). 
The final model for the 7x7 reconstruction was determined by Takayanagi (1984) and 
Takayanagi et al. (1985a,b) after a detailed Transmission Electron Diffraction (TED) 
study. The model is shown in Figure 1.5.-6., and contains dimers in addition to the 
previously mentioned ingredients: Adatoms and a stacking fault. Hence, the model 
proposed by Takayanagi is called the Dimer-Adatom-Stacking-fault (DAS) model. In 
Figure 1.5. the triangle above the short diagonal has a stacking fault in the outer double 
layer, whereas the lower triangle has regular stacking. The faulted and regular parts of the 
surface are connected by rows of dimirized atoms. At the corners of the unit cell, where the 
rows of dimers m.et, they give rise to large corner holes (Figure 1.6.). The adatoms are 
distributed as suggested by the STM experiments. They are bonded to three atoms from 
the first layer and sit on top of a second layer atom. This adatom site is called a T4 site due 
to the top position with four adjacent atoms. A notable feature of the model is the extra 
mirror line along the short diagonal of the unit cell which is present for the adatoms and 
the first double layer. This line is not a mirror line for the deeper atoms, as can be seen in 
the lower part of Figure 1.5. This means that the top layers have 6 mm symmetry in 
contrast to the 3 m symmetry of the bulk layers. 
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Figure 1.5. The top layers of the DAS model. The mirror lines are shown by 
broken lines. The first double layer and the adatcms have 6 mm 
symmetry. The deeper layers have 3 m symmetry. 
The great advantage of the TED experiments, compared to LEED and RHEED, is that 
kinematical theory can be applied (Spence (1983)). In the TED experiment the incoming 
electron beam is directed along the surface normal. The sample has been chemically 
thinned, and the diffraction is observed after the beam has passed through the sample. In 
this geometry the scattering vectors are nearly parallel to the surface plane, and therefore 
the TED experiment gives information about the in-plane projected structure. 
Takayanag: et al. (1985a,b) recorded the diffraction pattern by photographic films and 
measured the intensities by photometry. The intensities were used to construct a contour 
plot of the Patterson (pair-correlation) function (see Section 1.4.b for details). Peaks in the 
Patterson function correspond to interatomic vectors in the unit cell, and from a careful 
analysis Takayanagi et al. were able to deduce the DAS model. A detailed refinement of 
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a) 
Figure 1.6. The DAS model, a): side view b): top view. Adatoms are shaded, 
first and second layer atoms are indicated by open circles and third 
and fourth layer atoms are shown as filled circles. 
the atomic positions was not performed. However, a comparison between experimental 
intensities and the intensities calculated for the DAS model and other proposed models 
strongly favoured the DAS model. 
A lot of experimental support for the DAS model has followed the work of Takayanagi et 
al.. Tromp and van Loenen (1985) obtained good agreement between results from RBS 
and Monte Carlo simulations for a DAS model in which atomic relaxations were taken 
into account. Detailed STM studies by Hamers et al. (1987) have shown that by varying 
the voltage between the tip and the sample it is possible to have tunneling into different 
surface states. For the 7x7 reconstruction the predicted electronic states of the DAS 
model were identified, giving further evidence for the model. 
The first x-ray diffraction results for the surface were presented by Robinson in 1986 (a). A 
contour plot of the Patterson function and the intensity distribution of the superstructure 
reflections were strikingly similar to the results found by TED (Takayanagi et al. 
(1985a,b)). Further analysis by a special data-filtering technique and an electron density 
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difference analysis gave a clear confirmation of the DAS model (Robinson et aL (1986)). 
Recently, the study has been extended, and a large number of reflections has been 
measured (Robinson et al. (1°88)). This allowed a least-square refinement of the in-plane 
proiected atomic coordinates for all atoms in a D. .S model with 6 mm symmetry. The 
experimental atomic relaxations show excellent agreement with those found by a semi-
empirical tight-binding calculation (Qian and Chadi 1987a). The results of the x-ray 
experiment is discussed further in Chapter 3. 
The calculation by Qian and Chadi (1987a) gave an estimate of the total energy of the DAS 
model. It is found to be 0.40 eV per l x l unit cell lower than the ideal unrdaxed surfscc. 
This is close to the energy of the -rr-bonded chain model (Northrup and Cohen (1982)), 
which shows that the DAS structure is an energetic favourable reconstruction. Previous 
studies of the total energy, with similar results, have been performed by simply adding up 
elastic and electronic contributions (Qian and Chadi (1986,87b)). 
In summary, the structure of the Si(l 11)7x7 surface is well described by the dimer-
adatom-stacking-fault model. The experimental evidence is large, and theoretical calcula-
tions support the model. 
1.2.d The Ge(lll)c(2 x 8) Surface 
The situation for the Ge(lll)c(2x8) surface is less conclusive than for the Si(l 11)7x7 
surface. However, the general tendency, during the last few years, has been in favour of a 
Simple Adatom (SA) model, like the one shown in Figure 1.7. The symmetry c(2 x 8) of 
the unit cell was determined by applying extinction rules to the observed LEED patterns 
(Chadi and Chiang (1981), Yang and Jona (1984)). There is some disagreement about the 
possible influence of multiple scattering, but it has been established that the vector, shown 
as an arrow in Figure 1.7., is at least an approximate translational vector in the unit cell. 
This means that half of the atomic positions can be generated by a translation with this 
vector. This conclusion is supported by the STM study by Becker et al. (198S). The graphs 
of tip height versus tip position parallel to the surface show a distribution of maxima, 
interpreted as adatoms, in the same arrangement as shown in Figure 1.7. 
A recent RBS study by Mareé et al. (1987) gave low backscattering yields, suggesting that 
the surface does not have a stacking fault like the Si(l 11)7x7 surface. The experimental 
results agree with computer simulations for a simple adatom model, in which atomic 
relaxations are included. However, the position of the adatoms relative to the surface 
could not be determined. The three high symmetry sites for the adatoms are shown in 
Figure 1.8. The T, site, on top of the first layer atoms, is usually disregarded. On this site, 
the adatom saturates only one dangling bond of the first layer. For the T4 site, on top of 
the second layer atoms, and for the H3 site, the hollow site, die adatoms saturate three 
dangling bonds. In the RBS study the T4 and H3 site were tested, but it was not possible to 
distinguish between them. It should be mentioned that an ion-scattering work by 
Culbertson et al. (1986) disagree with the conclusions above and was more in favour of a 
stacking fault. 
-16-
Figure 1.7. The primitive cell of the simple adatom model for the Ge(l 1 l)c(2 x 8) 
reconstruction. The adatoms, shown as large shaded circles, are at T4 
sites. The translational vector of the unit cell is shown as an arrow. 
The mirror lines in the unit cell are shown as broken lines. 
Figure 1.8. The three sites for the adatoms. Large open circles are adatoms, 
large and small filled circles are first and second layer atoms, 
respectively. T}: on top of the first layer atoms with one close 
neighbour. T4: on top of the second layer atoms with four close 
neighbours, i.e. the three first layer atoms and the atom just below. 
H3: in the hollow site with three close neighbours. 
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Angte-integrated photo-emission measurements by DiCenzo et al. (1985) showed that 
approximately V* of a monolayer of atoms have an increased electronic binding energy. 
These atoms were interpreted as adatoms and their coverage agrees with the STM 
observations (Becker et al. (1985)). Angle-resolved photo-emission measurements by 
different authors (Yokotsuka et al. (1984), Bringans et al. (1986), Nicholls et al. (1986), and 
Aarts et al. (1987)) are in good agreement, as shown by Aarts et al.. The dispersions of the 
electronic surface states indicate a local bonding geometry similar to the Si(l 11)7x7 
surface and the Al and In-induced / 3 x y 3 reconstructions on the Si(lll) surface (Uhr-
berg et al. (1985) and Nicholls et al. (1985b)). The Ji X/3R300 unit cell for 1/3 
monolayers of atom is shown in Figure 1.9.. This is the most dense arrangement of 
adatoms, when each adatom saturates three dangling bonds. The adatoms, shown in the 
figure, are at die same site (T4) as the adatoms in me DAS model. 
In order to be a plausible model for the Ge(l 1 l)c(2 x 8) reconstruction, the simple adatom 
model has to have a low total energy. Vanderbilt (1987b,c) has recently made model 
calculations which show that slightly different parameters can give either the 7 x 7 DAS 
model or the c(2 x 8) simple adatom model. The unit cell of these two structures is too 
large to allow ab-initio total-energy calculations, however, the c(2x8) simple adatom 
model is obtained after a small modification of a 2 x 2 adatom model, and this unit cell can 
be handled. For the Si(ll 1)2 x2-Si (T4) structure Vanderbilt (1987a) has calculated the 
energy -0.28 eV per 1 x 1 unit cell, (i.e. 0.28 eV lower than the ideally terminated surface). 
Northrup (1987) has found the energy -0.24 eV per 1 x 1 unit for both the H3 and the T4 
chemisorption site. This is quite surprising, because all previous calculations for y3x y3 
adatom-induced structures have strongly favoured the T4 site (Northrup (1984, 1986), 
Nicholls et al. (1985b, 1987), and Zhang et al. (1985)). The two independent calculations 
by Vanderbilt and by Northrup for the 2x2 (T
 4) structure are in good agreement. 
However, the energy is too high relative to the 7-bonded chain model to give convincing 
support for the c(2 x 8) simple adatom model. 
Experimental evidence for the energetic proximity of the c(2 x 8) and 7x7 reconstruc-
tions has been given by Gossmann et al. (1985). Epitaxially grown Ge films on Si(lll) 
substrates were studied. Due to the different lattice constants of Ge and Si, the Ge film is 
laterally compressed. By varying the film thickness, the compression can be controlled. 
For increasing film thickness a change for a 7 x7 to a c(2x 8) periodicity was observed. 
The LEED patterns and the STM studies by Becker et al. (1985) demonstrated that the 
7x7 structure is very similar to the Si(l 11)7 x 7 structure. 
Deposition of subraonolayer coverages of Sn on a Ge(l 11) surface can also give a 7 x 7 
reconstruction (Ichikawa and Ino (1978)). A comparison of the RHEED patterns of this 
surface and of the Si(l 11)7 X 7 suggests a strong similarity. A detailed x-ray study of the 
Sn-induced 7x7 reconstruction and the related 5x5 structure is described in Chapter 3. 
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1.3. Pb- and Sn-covered Ge(lll) Surfaces 
Ultrethin overlayers, chemisorbed on semiconductor surfaces, form a variety of different 
reconstructions, which can be quite different from the structures observed on the "dean" 
surfaces. In some cases, the deposited atoms arc odieved to form simple regular adatom 
patterns, like the / 3 X J3 structure briefly descnbed in the previous section. Adatoms are 
recognized as being pan of both the Si(l 11)7x7 and Ge(lll)c(2x8) structure, and 
therefore studies of the most simple -Jatom structures are useful, when trying to 
understand more complicated structures. 
1.3.a The Ge<lli>Pb Surfaces 
For Pb adsorbed on a Ge(lll) surface only , / 3 x / 3 LEED and RHEED patterns are 
observed for coverages lower than 1.0-1.3 monolayers (ML). (Le Lay and Métois (1983, 
1984), Métois and Le Lay (1983), and Ichikawa (1983)). For higher coverages the 
additional Pb accumulates in epitaxially oriented crystallites. In the dectron diffraction 
experiments two different J3-structures were observed. For coverage 0-0.3 ML a structure 
known as the a-phase, apparently with only one Pb atom per unit cell, was observed. In die 
diffraction pattern it is characterized by comparable intensity of the two superstructure 
reflections that are labelled (1/3, 1/3) and (2/3, 2/3) with respect to the reciprocal basis 
vectors of an unreconstructed surface. For coverages of 0.3-1.3 ML the a-phase coexists 
with another phase, the {J-phase. At about 1.0-1.3 ML only the j3-phase is present, and U is 
characterized by considerably weaker intensity of the (1/3,1/3) reflection relative to the (2/ 
3,2/3) reflection. Métois and Le Lay estimated the coverage of the 0-phase to be 1.0 ML, 
whereas Ichikawa got the value 1.3 ML. This discrepancy led the authors to propose quite 
different models for the p-phase. 
The structure of the two phases has been determined by surface x-ray diffraction 
(Fddcnhansl et al. (1986)). The structural models are displayed in Figure i.9. The a-
phase has o:..y one Pb atom per unit cell, whereas the p-phase has four. Hence, the 
coverage« are 1/3 ML and 4/3 ML for the a- and ^-phases, respectively. For intermediate 
coverages the two phases were found to coexist. The registry of the overlayers was 
determined from the interference of the scattering from the Gc substrate and the ovcrlayer 
at integer-order reflections (see Section 2.4. for more information). The 0-phase was 
found to have the Pb atoms at the corners of the unit ceil (Figure 1.9.) at the hollow sites 
(Hj). The analysis for the a-phasc suggested that the Pb atoms are situated on top of the 
second layer of Ge atoms (T4 site). This is in agreement with the total-energy calculations 
for the SKI 11)73 x /3-M (M - A!, Ga, In, Ge) surfaces (Nicholh et al. (1987) and Zhang et 
al. (1985)) which show that the T4 site has a lower energy than the H, site. 
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Fifure 1.9. The structure of the o- and p-phases of the Gc( l l iy3x ,/3-Pb 
surface. The Pb atoms are at T4 sites for the a-pbase, and for the 0-
phase, die atoms, at the corners of the unit cell, are at H3 site. 
A recent angle-resolved photo-emission study of the j$-phase by Tonnet et al. (1987) 
revealed two sets of surface bands. A comparison with the experimental results for the 
Ge(l 11)c(2 x 8) surface (Bringans and Hochst (1982)) and with the band structure calcula-
tion for the Si(l l l) /3x/3-M surfaces (Nicholls et al. (1987) and Northrop (1986)) 
indicated that one Pb atom per unit ceil occupies a three-fold coordinated site. A surface 
state, which was not accounted for by this atom was ascribed to an inequivalent Pb atom at 
a different height above the surface. These interpretations are in agreement with the 
structure determined by x-ray diffraction. 
L3.b The Gc(lll>Sn Surfaces 
The Sn-covered Ge(l 11) surfaces exhibit a considerable more complex set of reconstruc-
tions in the monolayer coverage regime (Ichikawa and Ino (1978,1981)). Figure 1.10. 
shows the structures that have been observed by RHEED, during the initial heating of a 
sample, when the Sn-coverage 0 has been deposited at room temperature. For T < 160X a 
disordered c(2 x 8) pattern was observed, and for 0 < 0.3 ML diffuse scattering was seen in 
the temperature range that has been investigated. For 8>0.3 moderate temperatures 
(T<300*C) result in a jlxjl structure. If the temperature exceeds 300&C, this recon-
struction converts irreversibly to a 7 x 7 structure (0.3-0.5 ML), a 5 x 5 structure (0.7-0.9 
ML) or a mixture of these two (0.5-0.7 ML), These structures have furthermore reversible 
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transitions to a 1 xl structure around 500°C From a comparison of the RHEED patterns 
of the Ge(lll)7 x 7-Sn and Si(lll)7 x 7 reconstructions IchiKawa and Ino (1978) concluded 
that these two surfaces have similar atomic arr.'nrements. Also the intensity distributions 
for the Ge(lll)7 x 7-Sn and Ge(lll)5 x 5-Sn surfaces have resemblance (Ichikawa and Ino 






















Figure 1.10. The structures observed by RHEED during the initial annealing 
of a sample, on which the Sn has been deposited at room tempera-
ture (Ichikawa and Ino (1981)). 
Angle-resolved photo-emission studies by Yokotsuka et al. (1983) of the Ge(lll)7 x 7-Sn 
and Si(lll)7 X 7 surfaces show that the electronic structure is very similar. DiCenzo et al. 
(1985) have performed angle-integrated photo-emission experiments on the stable structu-
res of the Ge(lll)-Sn surface for coverages up to 1.3 ML. Measurements of the electronic 
binding energies of tht Sn atoms revealed two inequivalent atoms. The intensity of one of 
the components saturates at about 0.3 ML, whereas the intensity of the other component 
continues to increase at least up to a coverage of 1.3 ML. 
Impact collision ion-scattering spectroscopy by Sato et al. (1985) showed that the Sn atoms 
are not shadowed by other atoms and hence mainly occupy positions in the outermost 
layer of the surface. This conclusion was made for all three reconstructions: /3 x /3,5 x 5, 
and7x7. 
As mentioned above, the Ge(lll)-Sn system has the structural transformations: c(2 x 8) 
-»7x7-* 5x5 for increasing Sn coverage. That means that the Sn atoms have a crucial 
influence on the structure of the surface. If the role of the Sn atoms can be revealed by an 
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experimental detennination of the sti-ctures, it can help to increase the understanding of 
the mechanisms and principles that lead to the different reconstructions. Hopefully, it can 
also give a better understanding of the reconstructions of the "clean" Si(ll 1) and Ge(111) 
surfaces. 
1.4. Grazing Incidence X-ray Diffraction 
Several excellent reviews concerning the grazing incidence x-ray diffraction technique 
and its achievements have been given recently (Feidenhans'l (1986), Robinson (1986b), 
and Fuoss et al. (1986)). Therefore, the next sections are limited to an outline of the early 
history of surface x-ray scattering and a summary of the basic equations with some 
emphasis on the (111) surface of the diamond lattice. 
1.4.a The History of Surface X-ray Diffraction 
Figure 1.11. shows schematically the scattering geometry applied in the grazing incidence 
technique. The incoming beam with wave vector kj has the angle of incidence Oj relative to 
the surface plane. Typical values for a; are between 0.2° and 1°. The diffracted beam 
with 
Figure 1.11. The scattering geometry of grazing incidence x-ray scattering. 
kj and kf are the wave vector of the incoming and detected beams, 
respectively, a; is the angle of incidence and ?fl is the in-plane 
scattering angle. The scattering vector Q lie- nearly in the surface 
plane. 
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wave vector kf is detected just above the surface plane. The scattering angle 29 is defined to 
be the angle between the in-plane proiections of the incident and detected beam. In dus 
geometry the scattering vector Q lies nearly in the surface plane and therefore the 
technique is primarily sensitive to the in-plane projected structure. 
The grazing incidence has two major advantages. Firstly, it gives an enhancement of the 
surface signal relative to the bulk signal due to purely geometrical reasons: The geometry 
givt* a penetration in the direction normal to the surface which is proportional to sinatp 
neglecting the refraction. Secondly, by using angles of incidence smaller than the critical 
angle for total external reflection, the electromagnetic waves are exponentially damped in 
the direction into die crystal. This gives a further enhancement of die signal from the 
surface relative to the bulk (Vineyard (1932)). The first grazing incidence x-ray scattering 
experiment by Marra, Eisenberger, and Cho (1979) demonstrated that it was possible 
experimentally to take advantage of these two points. Marra et aL studied the interface 
between an epitaxially grown Al film and a GaAs substrate. 
The applicability of the technique in surface structure determination was demonstrated 
by Eisenberger and Marra (1981). A Gc(001)2xl surface under UHV conditions *vas 
studied, and it was shown that the measured intensity of five superstructure reflections 
were in agreement with a previously proposed model (see Appendix B for additional 
information). 
For a surface reconstruction the structure is not periodic in the direction normal to the 
surface, and therefore die Bragg condition in this direction is relaxed, which gives rise to 
Bragg reflections that are rod-like in the direction normal to the surface. For an ideally flat 
surface reconstruction the only intensity variation along the rods is a smooth decrease for 
increasing momentum transfer due to Debye-Waller and atomic form factors. When the 
intensity of the superstructure reflections are measured for a very small momentum 
transfer normal to die surface, only information on the in-plane projection of the surface 
structure is ootained. This is sufficient if the surface reconstruction is ideally flat 
However, if the reconstruction extends in the direction normal to die surface, it results in 
a modulation of the intensity along the rods. This is due to the interference of die x-rays 
scattered from the different layers of the reconstruction. Robinson (1983) used die 
intensity profiles of the rods to determine the geometry in the direction normal to the 
surface of the Au(U0)2 x 1 reconstruction. This work ako demonstrated, together widi die 
study of the InSb(lll)2x2 surface by Bohr et al. (1985) that the Fourier methods of 
ordinary three-dimensional crystallography can be applied in slighdy modified versions 
to solve the in-plane structure of surface reconstructions. 
When atoms are adsorbed on a surface, they can occupy different sites. The possibility of 
determining the chemisorption site by x-ray scattering was demonstrated by Feidenhans'l 
et al. (1986) for the GcfJU )/3 x Jl -Pb surface. The ideally terminated crystal has surface 
reflections, which arise from the finite extent r f the crystal. (See next Section). These 
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reflections have an intensity which is comparable to the intensity of a single layer of 
atoms. The / 3 x / 3 arrangement of the Pb atoms has reflections that coincide with the 
"non-bulk" reflection from die substrate. The two contributions add coherently, and from 
the measured intensities the chemisorption site can be determined. 
The above experiments are fundamental in the history of surface x-ray scattering. Several 
other experiments have been performed and most are described in the review by Fuoss et 
ah(1986> 
L4.b The Basic Theory of Surface X-ray Diffraction 
The grazing incidence x-ray scattering experiment is a combination of a refraction and a 
diffraction phenomena (Vineyard (1982)). At the vacuum-surface interface the refractive 
index changes abruptly, and the critical angle of total external reflection a,, is given by: 
Me* ZP ., 
cos a * n , n = 1 — * * (1 - M 
2«»c2 A 
n is the refractive index of the solid, N is Avogadro's number, e and m are the electron 
charge and mass, respectively, c is the velocity of light, Z and A are the atomic charge and 
mass number, respectively, p is the density, and X is the wavelength of the x-rays. ac is 
typically 0-2*-0.4° for wavelengths around 1.5 A. 
The refraction can be considered as caused by the average dielectric constant of the solid, 
whereas the diffraction is due to the modulation of the dielectric constant on an atomic 
length scale. This approach leads to essentially the same results for diffraction as the 
standard kinematical theory (Warren (1969)). 
An important consequence of the refraction is the modification of the diffracted signal in 
the direction norma) to the surface (Dosch et al. (1986* Dosch (1987), and Feidenhans'l 
(1986)). This effect is most easily explained by the reciprocity theorem elastic of scattering 
theory (see for instance Schiff (1968)). It states that the scattering is the same, when the 
direction of propagation for both the incident and scattered waves are reversed. When this 
is applied to the scattering situation, it means that varying the exit angle a(, keeping the 
incidence angle a* fixed, is simply the same u varying a,, keeping af fixed. In the latter 
case the intensity of the diffracted beam is proportional to the transmission of the x-rays 
into the crystal. The transmission can be calculated from Maxwell's equations, and the 
result can be found in standard text books on optics (see for instance Hecht (1975)): 
- 2 4 -
C a f 2 . a f 2 \ / a f , 2 
T(a f ) = ^ 
a , > o f c 
a f 2 a f - a c 
(1-2) 
which is valid if otf and oc arc small. In this expression die absorption has been neglected. 
The diffraction signals can be calculated by multiplying the results from the kinematical 
dieory with the expression (1-2). Figure 1-12 shows a plot of the transmission T(otf). The 
scanering intensity is reduced at small exit angles and enhanced close to the critical angle 
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Figure 1.12. The intensity distribution (equation 1-2) by which the diffracted 
beam is convoluted. 
The termination of the bulk crystal by the surface gives rise to some surprising diffraction 
features. In this section the diffraction pattern from a (111) surface of an ideally terminated 
crystal with diamond structure is calculated. In order to be able to generate the lattice 
points on the crystal surface by translations of the basis vectors, two of them have to be 
chosen in the surface plane. A third basis vector is conveniently chosen in the direction 
normal to the surface. The in-plane basis vectors for the (111) diamond structure are shown 
in Figure 1.13. 
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Figurel.13. The in-plane basis vectors, a and b, of the first bilayer of the 
diamond structure. 
In units of the cubic bulk vectors the three basis vectors are: 
1 
a - - M,0 ,1 
cubic 
b = - [7 ,1 ,0] 
2 cubic (1-3) 
c - - [ 1 , 1 , 1 ] 
3 cubic 
Denoting the cubic lattice constant: a0, the vectors a, b, and c fulfil: 
* ( a , b ) » 120O 
a s b =





The corresponding reciprocal unit vectors are: 
1
 r " i 
a* = - [2,2,4] 
3 cubic 
b* = - [2,4,2] (1-5) 
3 cubic 
c* * [1,1,1 ] 
cubic 
which satisfy: 
*{a*,b*) =* 60° 
a* = b* 
-£VF (1-6) 
C * s i l /T 
a o 
Note that the reciprocal lattice vectors a* and b* are not bulk Bragg reflections. In the 
direction normal to the surface the translational symmetry is broken at the surface. 
Therefore, the unit cell is semi-infinite in this direction and 1 is a continuous variable. 
The intensity of the diffracted x-rays is given by the geometrical stmcture factor F^j of 
this unit cell. The structure factor GhkI of one bilayer ((h,k,l) is given with respect to the 
vectors in equation (1-5)): 
3hkl - * h k l e-M ( H e 2 n ( 2 / 3 , h + ^ + V*'U , (1-7) 
where f^i is the atomic form factor and eM is the Debye-Waller factor. The ...ABCABC. 
stacking of the bilayers gives the phase factor: 
i ' n ' * h k l 
e ; * h k l = 2M2/3-H + 1/3'k + 1) 
(1-8) 
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for the n'th bilayer. Each bilayer scatters a small pan of the x-rays giving an attenuation v 
of the x-rays per bilayer. Including this and neglecting refraction, the total geometrical 
structure factor is: 
P





 e 1 ^ ] « ! 
(1-9) 
The intensity is given by the absolute square of F ^ : 
F h* i i 2 »4 i e _ 2 M 
2(l+cos[2M2/3'h + 1/3'k + 1/4-1)]] 
1 + e-2v_ 2 e-v c o s[ 2 7 r ( 2 / 3 , h + 1 / 3 # k + I J J 
(1-10) 
The (h,k,l) values that correspond to bulk Bragg points are obtained, when the denomina-
tor is small, i.e. for: 
2 /3 'h + 1/3'k + 1 • n (Ml) 
where n is an integer. Calculating (1-10) for this set of (h,k,l) gives to lowest order in v: 
0 for 1 * 4(m + -h - -k) 
2 3 3 
O A O 1 
FHVTI - ^ h k l 2 * e " 2 M ' ~~ f o r 1 = 4(m - - h - -Jc) 
v2 3 3 
hkl 
O 1 0 1 
L f h k l 2 ' e " 2 M ' - I for 1 - 4(m * - - - h - - k ) 
u2 4 3 3 
(M2) 
where m is an integer. The reflections that are forbidden in this approach are of course the 
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same that are forbidden,when calculating the structure factors of the cubic unit cell 
(Warren (1969)). The attenuation for x-rays is small (v~KH), and the intensity of the 
"allowed" points are orders of magnitude larger than the scattering from a single layer of 
atoms. This is only an estimate, since close to the bulk Bragg points the diffraction is only 
correctly described by dynamical theory. 
Away from the bulk Bragg reflections the attenuation can be ignored. The in-plane (1 = 0) 
"non-bulk" reflections have the intensity: 
hk ' h k 2 
W-2M (M3) 
This is comparable to the diffraction intensity from a single layer of atoms. Hence, these 
reflections, often denoted crystal truncation rods, have importance for surface x-ray 
diffraction. The expression for the structure factor intensity (1-10) gives rods of intensity 
in the direction normal to the surface through the in-plane integer-order reflections 
(Figure 1-14). 
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Figure 1.14. The reciprocal lattice of the (111) surface of the diamond structure. 
Left-hand side: The (HI) plane. The filled circles represent bulk 
Bragg reflections, and the open circles represent the crystal trunca-
tion rods. The index of the reflections are given in cubic units 
above the points and in the surface units below (1 = 0). Right-hand 
side: A cut normal to the surface through (1,0) and (1,0). The width 
of the rods schematically indicates the intensity variation. The 
intensity varies along the rods and increases strongly, as the bulk 
Bragg reflections are approached. These rods are present due u the 
termination of the crystal at the surface, and they are usually 
referred to as truncation rods (Robinson (1986c)). 
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A surface reconstruction with a surface unit cell, which is n times larger along a and m 
times larger along b results in reflections of fractional-order with respect to a* and b*: 
(hjt) * (i/n, j/m)> where i and j are integers. As there is no Bragg condition in the 
direction normal to the surface, 1 is a continuous variable, and the reflections have a rod 
character. 
In a grazing-angle x-ray scattering experiment, it is usual to measure the integrated 
intensity of the reflections. This automatically reduces the influence of sample imperfec-
tions (e.g. finite width due to domains) and instrumental resolution. The opening of the 
detector gives a cut-off along the rod when the in-plane values (1 ~ 0) are measured. If the 
resolution in the scattering angle 26 is relaxed sufficiently, the integrated intensities can 
be obtained by simply rotating the sample around the surface normal in a small range 
about the reflection. The integrated intensity Ihk is related to the geometrical structure 
factors Fj^ by: 
A 2 
Ihk * C • P • I FKV I
 n 14-, 
nK
 s i n ( 2 8 ) "* 0-14) 
C is a proportionality constant, P is the polarization factor, A is the active sample area, and 
(sin(28))_1 is the Lorentz factor (Warren (1969)). In a cross beam technique A is defined by 
the slits, and it is proportional to (sin (28))1. 
In ordinary three dimensional crystallography the structure factors are defined as the 
Fourier components of the charge density p(r) in the unit cell: 
,
 + i(hl*+k6*+lc"*) •? (UK) 
FhJcl " M r j e dV ^ " ' 
This integral can be split into a sum over the individual atoms in the unit cell: 
Fhkl *.L f j ( h k l ) e 1 *1 3>
 ( H 6 ) 




f j (hkl) - /Pj(r) e dV 
Expressions for the form factors can be found in "International Tables for X-ray Crystallo-
graphy'*, edited by Lonsdale (1962). In equation (1-16) the position of the i'th atom (x^y^) 
is given in units of the basis vectors a, b, and c. For finite temperatures the atoms are 
vibrating around the equilibrium position, and ihe Debye-Walkr factor e'Mi must be 
included in (1-16). In the following the Debye-WaUer factor will be assumed to be 
isotropic The parameter Mj is often expressed by the B-factor: 
»j - B. Q / (4* ) 2 - - <(uj-Q)2> (M8) 
where Q is the scattering vector and <(u
 j-Q)2> is the thermal average of the square of the 
scalar product of Q and the displacement of the j'th atom. 
The Fourier transform of (1-15) gives directly the charge density: 
nl ,
 ]
 T r. -i2*(hx+ky+lz) „
 f_. 
P(x ,y ,z) « ~
 h ^ Fh k l e (H9) 
where V is the unit cell volume. 
For a grazing-angle x-ray scattering experiment in which the 1 = 0 intensities are mea-
sured, it is relevant to consider (1-19) for 1 equal to zero. The right-hand side becomes: 
- I PKUA -"»(hx+ky) , ' r „ -i2ir(hx+ky) 
vfik P h k 0 e v hii hkl e 6{1} 
. / - _ L T p -i2w(hx+ky+lz) 1 
- - 2*v hi i h k l e d z * J 7 f . p ( r ) d z (i-20) 
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in whkh the delta function has been expressed by the integral: 
6il}
 " ~ : . * d z d-21) 
Equation (1-20) shows that the electron density projected on the surface is given by the 
1=0 structure factors. With the use of: 
rhk ' , rhk< ' * i * » iPhvl e* h5C (1-22) 
the in-plane projected electron density can be written: 
2*
 r P(x,y) =— L IFhkl c o s l2»(hx+ky)-ah k ; „2$\ V hk x ' 
In practice, the electron density cannot be calculated by the formula, because only |Fbk | 
can be measured in an experiment. However, the Patterson (pair-correlation) function 
P(x,y) can be calculated without knowing the phases; 
P(x,y) * v / 0 ; 0 PU ' fyMPU-x ' fV-y ' Jdx ' dy ' (1-24) 
The Patterson function has % peak for (x,y) equal to an interatomic vector. Inserting the 
expression (1-23) for the electron density gives: 
( 2*) 2 
P(x,y) = — _ £ ! F h k l 2 cos (2w(hx+ky)j (1-25) 
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It is, in principle, possible to obtain the interatomic vectors by mapping out the expres-
sion (1-25). In order to have a Patterson function which only contains information on the 
structure of the surface reconstruction the integer-order reflections arc usually not 
included in the sum. This gives negative peaks in the Patterson function for values of (x,y) 
that correspond to interatomic vectors for the projected bulk structure. The difficuhies of 
interpreting the Patterson function, when al! the integer-order reflections are systemati-
cally omitted, has recently been discussed by Bohr et al. (1986, and Feidenhsnsl (1986). It 
was shown that the Patterson function can be distorted, but that no false peaks appear. 
If die analysis of the Patterson function leads to a model for the structure of the surfact 
reconstruction, the parameters of the model can be optimized by minimizing the expres-
sion: 
Y2 - 1 v ? i i W ° , ] l 2 - i P h k e , , P i 2 ! 2 
~^ ** 3 * *> 
where N is the number of reflections, p is the number of parameters that are optimized, 
Otø is the standard error in the structure factor intensity iF^^f2 from the experiment, 
jp^modp is ihe model structure factor intensity, x2 is a statistical measure of the agree-
ment between the model and the experimental results (Bevington (1969)). For the 
experiments described in Chapter 2 and 3 the absolute values of the structure factor 
intensities were not measured and therefore a scale factor for the model structure factor 
intensities was included as a fit parameter in (1-26). 
The standard error <rhk is calculated from the reproducibility of symmetry equivalent 
reflections and the counting statistics. The following procedure is usually applied. The 
average value of a set of symrrctry equivalent reflections is calculated as the weighted sum 
(Robinson (1986b)): 
< " h h l 2 > - { - ^ f - < S h k > a 1
 (Sn*> 
(1-27) 
• j = V • 1 
<Sh*> i <Sh)c) 
The i-sums are over symmetry equivalent reflections with index h,k, and Shk' is the error 
on |Fhl(|j2 from counting statistics. The standard error SEj,^  is: 
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h k i l—i—7'< shJt> - < ?hk! > Ki£6} 
L(sAk)Z J 
which includes both reproducibility and counting statistics. The average relative standard 
error is calculated for the reflections that are larger than three times their standard error. 
This ensures that die contributioa to SE^ is mainly from the reproducibility: 
1 r S E h k 
c , , — , _ - ( 1 2 9 ) K fik <!F h k r> 
where M is the number of reflections that are larger than three times SE^. The contribu-
tion to e" from the counting statistics is: 
i
 r <Shk> 
where the sum is over the same reflections as included in (1-29). Finally, the reproducibili-
ty is: 
e2 » ( c " ) 2 .
 ( E . , 2 (1.31) 
and the standard error <rhk can be calculated for all reflections: 
>«,' - <shl«>
2
 * < 2 < ^ , k i 2 > 2 < W 2 > 
- J 4 -
which goes into the expression (1-26) for x2 together with iFy^!2 = <jFhk|2>. If the 
optimization of the model gives a value for x2 close to one, there is a statistical agreement 
between mode! and experiment, and the data analysis is finished. Larger values of x2 
indicate that the model should be improved. This cji either be done by proposing a new 
model from a reexamination of the Patterson function or by performing an error synth-
esis. If the model is not too far from the real structure, the phases of the experimental 
structure factors can be approximated by the phases of the model structure factors. The 
difference in electron density between the experiment and the model Ap(x,y) can then be 
calculated by (1-23) as: 
A p ( x , y ) -
2
* X r. e x P , "«°<J
 1 , mod ^~33^ 
T L { | F h k ' " fFhk , } c o s ( 2 * < h * + k y ) - «hk ) 
Positive peaks in a plot of Ap(x,y) indicate electron density which is missing in the model, 
and negative peaks indicate the presence of too much electron density in the model. The 
model can then be modified accordingly and the new model optimized. In a successful 
structure determination a repetition of the minimization of x2 and the error synthesis will 
eventually give a value of x2 close to unity. 
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2. THE STRUCTURE OF THE Ct-PHASE OF 
THE Ge(lll)/3 x /3-Sn AND Gc(UlV3 x /3-Fb 
SURFACES 
2.1 Introduction 
In this Chapter a surface x-ray diffraction study of /3-structur« of Sn and Pb on Ge(lll} 
surfaces is described. Measurements of the in-plane intensities of fractional-order 
reflections have been performed on two Sn-covered and two Pb-covered samples. From 
the data analyses it is concluded that the ordered structures have a coverage of 1/3 
monolayer (ML). This is known as the "ot-phase" and, with its small ur.ii cd! containing 
only one adsorbed atom, is one of the simplest reconstructions thsi: exists on the Si(lll) 
and Ge(lll) surfaces. Similar structures are observed after adsorption ot 1/3 ML of Group 
III or IV elements on Si(lll) (Chen et al. 0982), Estrup and Morrison (1964), Hansson et al. 
0981), Kinoshita et al. (1986) and Nkholls et al. (1985b)) or on Ge(lll) (Ichikawa and Ino 
(1978) and Métois and Le Lay (1983)). Despite the large effort in recent years, the detailed 
atomic geometry and chemisorption sites have still not been determined unambigiously 
(Kinoshito et al. (19854986), Nicholls et a!. (1985b,1987), Northrop 0984), Hansson et al. 
(1986) and Saitoh et al. (1985)). However, a previous x-ray diffraction study (Feidenhans'l 
et aL 0986)) of /3-structures of Pb on Ge(lll) for coverages of 0.6 -1.3 ML indicated that 
the chemisorption site of the a-structure is the T4 site, i.e. on a threefold coordinated site 
on top of the second layer of Ge (Figure 2.1). 
top view side view 
Figure 2.1: Left-hand side: Top view of the a-phase of the / 3 x /3R30" structure. 
The large and small filled circles indicate the positions of the atoms in 
the first bilayer of the substrate. Large open circles are adatoms. The 
chemisorption site is T4. Right-hand side; Side view of the T4 
geometry. 
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A detailed investigation of the a-phase of the Sn- and Pb-induced GeflUy 3 * / 3 R30* 
surface reconstruction by graaing-incidence x-ray scattering is presented bdow. The data 
analysis is performed af follows: First, the projection of the structure on die surface plane 
is determined for «U four samples by an analysis of the in-plane intensities of rhe 
fractional-order Brags rods. For one of the Sn-covered and one of Pb-covered samples the 
in-plane intensities of the integer-order reflections were measured. Also, the intensity 
profiles of a subset of the fractional-order Bragg rods were measured for these two samples. 
At the integer-order reflections the scattering from the surface layers and the Ge substrate 
interfere. The registry of the surface layers relative to the bulk crystal is determined from 
an analysis of these reflections. The geometry norma] to the surface is then deduced from 
an analysis of the intensity variation along the fractional-order Bragg rods. Finally, the 
observed atomic rehxations are compared to the results of a simple elastic energy 
minim nation employing a Keating potential (Keating (1966)). 
12 Experimental 
The samples were prepared at the Flipper IZ photoemissrøn beamiine at the Hamburg 
Synchrotron Radiation Laboratory (HASYLAB). The Geflll) substrates have been cut 
from a precisely oriented Ge crystal. The 10 x K> mm2 surface were polished to be 
optically fiat. After insertion in the UHV chamber the samples were sputtered with 500 eV 
Ar ions for half an hour at a substrate temperature of about 4OTC and afterwards annealed 
at ~ 700°C for one hour. They were then cooled slowly to room temperature and 
charzeterired by LEED and photoemission. Typically 3-4 cycles produce a sharp c(2 x 8) 
LEED pattern and a valence band photoeraission spectrum characteristic of the dean 
surface. 
The adlayers were deposited from BN effusion cells. The two Sn-covered samples 
(henceforth referred to as Sn-1 and Sn-2) were kept at 25O-30OX during the evaporation, 
whereas the two Pb-covered samples (Pb-1 and Pb-2) were at room temperature during the 
evaporation. The latter two were mildly annealed to 300X after the deposition. The 
coverages of the four samples were estimated by a quartz crystal thickness monitor and 
from the relative core level (Ge3d, Sn4d, PbSd) energy distribution intensities. The 
estimated coverages are Sn-i: 0.5 ML, Sn-2:0.7 ML, Pb-1:0.3 ML and Pb-2:0.3 ML. 
After a sample had been prepared and characterized it was transferred to a small portable 
UHV cell with a 360° Bc-window for x-ray diffraction (Feidcnhans'l (1986)). The x-ray cell 
was mounted on the vertical scattering diffractometer on the 32-pole wiggler beam line Wi 
in HASYLAB. The synchrotron beam was monochromatized by two Ge(lU) crystals and 
focussed on the sample by a toroidal Au-coated mirror. The mirror also reduces higher-
order harmonics in the beam. The beamline and the sample alignment have been 
described in detail by Feidenhans'l (1986). The sample surface is aligned by means of a 
position sensitive detector (PSD) and the total-reflected beam. The sampl? surface is 
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a*tf*P*A until the angle of incidence is independent of the sample azimuthal angle u, 
which ensures equal penetration depth for ail values of w. 
The in-plane coibmauoa of the beam is given by 2.0 mm slits before and after the sample. 
The PSD has the counting wire subtending 2.4* norma) to die surface and 0.5° parallel to 
the surface along the scattering angle 28. The relaxed 28-resolution allows inxegraced 
intensities to be measured by performing only »-scans. Figure 2.2 shows the (2/3,2/3) 
reflection of sample Sn-1 which is a typical reflection. The upper pan of the figure shows 
thew-scan and the lower part shows the angle-integrated intensity along the rod. It has a 
t intensity at the critical angle in accordance with equation (1-2) and Figure 1.12. 
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Figure 2.2: Upper pan: An w-scan 
of the (2/3^/3) reflec-
tion. The integrated 
intensity is found as 
the numerical sum of 
die background-sub-
tracted counts multi-
plied by the step 
length. Lower part: 
The angle-integrated 
intensity profile along 
the rod. 
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The onset peak is smeared due to a slight curvature of the sample surface. The width of the «-
scan is mainly determined by the resolution of the present set-up. For the relaxed resolution 
along the rod, it takes a finite angular width to scan the Ewald sphere describing the rod 
through the counter. A typical recording time for a reflection is 5-10 minutes. 
The integrated intensities were obtained after subtracting the background and numerically 
integrating the «*-scan. The structure factor intensities were calculated, as described in 
section 1.4, by correcting the integrated intensities for the Lorentz factor (sin 2«)' and active 
sample area (sin28):. For small angles the cross-beam area exceeds the sample area and the 
structure faaors were also corrected for this effect. For the vertical scattering plane the 
polarization factor is close to unity and therefore no correction is performed. 
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The important experimental parameters for the four samples are listed in Table 21: 
estimated coverage 8, angle of incidence a„ x-ray wavelength X, reproducibility of 
symmetry equivalent fractional-order reflections e, total number of fractional- and inte-
ger-order reflections NFTot and N{ jM, respectively, and the corresponding number of 
independent --reflections Np10* and NII,K,,>. 
Table 2.1. Estimated coverage 6, angle of incidence av x-ray wavelength X, 
reproducibility of symmetry equivalent fractional-order reflections 
e, total number of fractional- and integer-order reflections, NFTo1, 
and NjTot, respectively, and corresponding number of independent 













































The extent of the surface reconstructions in the direction normal to the surface gives rise 
to an intensity variation along the fractional-order rods. The symmetry of the crystal gives 
the relation jFhk( P = |F.k.w P - |Fkh4 p which demonstrates that the reflections (h^c) and 
(k,h) are only equivalent for (~Q. In the experiment the reflections are measured with a 
finite momentum transfer in the (»direction. Due to the slope cf the rod intensity for some 
of the reflections around (=0, different intensities are observed for in-plane equivalent 
reflections. Thus, special attention must be paid to the averaging of in-plane equivalent 
reflections to ensure that the averaging is done over both reflections that are sloping up 
and down for increasing perpendicular momentum transfer. The resulting fractional-
order structure factor intensities are displayed in Table 2.2 as | F^^P and the integer-
order structure factor intensities of the samples Sn-1 and Pb-1 are shown in Table 2.4. 
Also displayed in the two tables are the uncertainties calculated from the reproducibility 
and counting statistics as described in Section 1.4. The results in Table 2.2 demonstrate a 
good reproducibility of the experiment for both the Sn- and Pb-covered samples. 
For the samples Sn-1 and Pb-1 the intensity profiles ((»-integrated) of a subset of the 
fractional-order reflections were recorded up to a momentum transfer of ~ i Å ' in the 
direction normal to the surface. The upper limit is determined by mechanical constraints 
in the experimental set-up. The measurements were done by moving the detector out of 
plane, preserving the grazing angle of incidence and the advantage of a small penetration 
into the sample. The measured structure factor intensities (rodscans) are displayed in 
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Table2.2. Measured fractional-order structure factor intensities I F ^ P J 2 , un-
certainties Ofo and model structure factor intensities |Fhk,nod|2. The 
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8 .9 0.6 9 .5 
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14 .1 0 .9 13.5 
13.4 1.1 14.0 
2 .1 0.3 2.3 
8 .3 0 .7 7.5 
10.4 1.0 11.8 
5.9 0.5 5.8 
10.4 0.8 10.5 
5.4 0.5 4 .9 
6 .6 0.5 6 .7 
2 .3 0 .9 2.8 
Sn-2 
l ' S P ' 2 °hk i p K d l 2 
22.1 1.3 23 .2 
9.5 0.5 9 . 1 
13.2 2.4 12.8 
12.5 4 . 1 14.6 
17.4 1.2 16.6 
0.0 1.0 1.5 
1.8 1.8 5 .5 
12.4 2.9 8 .9 
11.8 3.0 8 .9 
Pb-1 
.
 C M P i 2 „mod . 2 | Fhk °hk Fhk •• 
81.7 9.4 88 .1 
56.4 6.5 48.2 
45.8 5.3 46.2 
42.0 4 .9 40.5 
37.3 4 .3 40.3 
7.8 1.0 9 .0 
18.7 2 .3 17.3 
14.9 1.7 14.7 
18.0 2 .1 17.3 
10.8 1.3 9 .8 
1.3 0.3 1.3 
12.3 5.0 15.5 
; .4 0 .9 6 .9 
4 .2 0.6 3 .8 
4.4 1.7 7.4 
Pb-2 
, p e x p . 2 . mod,2 
;
 hk ' 'hk [ F hk : 
81.7 14.0 76.5 
45 .0 7 .7 43.7 
63 .7 11.0 46.9 
43 .6 7 .9 54.9 
62 .6 10.5 61 .2 
0 .0 12.4 18.0 
21.0 3.8 24 .1 
28 .7 6 .8 23 .3 
37 .4 6 .5 32.5 
Figure 2.4. The momentum transfer f normal to the surface is in units of the bulk 
reciprocal lattice vector (111). The rodscans of die reflections (4/3,1/3), (1/3,4/3), (5/3,2/3) 
and (2/3,5/3) are shown in pairs next to each other to indicate the symmetry relation: 
|Fhk<P= Wkb-i I2- The intensities close to 1-0 j.re not included due to the influence of 
refraction around the critical angle. The horizontal and vertical bars ir. the figure 
indicates resolution along the rod and experimental uncertainty, respectively. An average 
value of the in-plane uncertainties has been assigned to all points. 
2.3. In-Plane Projected Structures 
The first step in the analysis was to make a contour plot of the Patterson function (1-25) 
that can be constructed from the four data sets. The only strong feature in the plots is the 
self-correlation peak, which indicates that the dominant feature of the structures are the 
adatoms arranged in the / 3-pattern. 
First the analysis for sample Sn-1 is discussed. Fitting a model with one Sn atom per unit 
cell gave the agreement x2 - 38 allowing only a scale factor to vary. That means that the 
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average deviation between model and experimental structure factor intensities is about six 
times larger than the average experimental uncertainty. An electron density difference 
plot (EDDP) according to equation (1-33) indicated that six Ge atoms should be included 
at positions near the corners of a hexagon with the adatom in the center. In the next model 
die Ge atoms were allowed to relax according to the 3m symmetry of the bulk (Figure 2.3). 
Two isotropic Debye-Waller (DW) factors were also included: One for the Sn atom and 
one common for the Ge atoms. A least-square fit of this model gave x2 - 1-0 with three Ge 
The atoms included in 
the final model. The ada-
tom (open circle) is situa-
ted where three mirror li-
nes cross. The hatched 
circles indicate three 
equivalent substrate 
atoms and the filled cir-
cles indicate three other 
equivalent atoms. 
atoms displayed away from their ideal bulk position towards the Sn atom and three Ge 
atoms displaced outwards. The calculated structure factor intensities are displayed as 
|Fhkmod |2 in Table 2.2. The displacements and B-factors for this fit are listed in Table 2.3. 
The displacements are given in units of a=4.000 Å, the length of the basis vectors of the 
l x l surface unit cell. The parameters a] and a2 are the displacements of the inwards and 
outwards displaced Ge atoms, respectively. For Sn-1, a] is about twice as big as a2. The 
model has in total 5 parameters and with only 13 observations, it has to be considered if the 
model is meaningful in a statistical as well as in a physical sense. A model with only three 
Ge atoms has a minimum x2 of 16, which demonstrates that this model is indequate. The 
physical relevance of the model is demonstrated by the analysis and discussion that 
follows. 
For the sample Sn-2 the model with only one Sn atom gave x2 — 21. Including three Ge 
atoms led to a significant improvement: x2 = 2.3. A model with six Ge atoms and a DW-
factor for the adatom gave a slightly better agreement: x2 - 2.1 The parameters in Table 
2.3 for the best fits for Sn-1 and Sn-2 are identical within the uncertainties. 
From the good agreement of the best fits it can be concluded that the ordered area that 
contributes to the scattering has a coverage of 1/3 ML. The rest of the Sn must be 
disordered or have a structure, which is different from the /3-structure. The observed 




Table 2.3. The parameters from the best fits. Displayed are x2, displacements aj 
and a2 in units of a = 4.000 Å and 8-factors. The sign of ax and a2 is 
negative for displacements towards the adatom. Uncertainties on the 





B ( A d ) ( A 2 ) 
B ( G e ) ( A 2 ) 
S n - 1 
1.0 
- 0 . 0 5 1 ( 4 ) 
0 . 0 2 7 ( 3 ) 
3 . 0 ± 0 . 5 
0 . 6 * 0 . 2 
S n - 2 
2 . 1 
- 0 . 0 4 0 ( 1 3 ) 
0 . 0 1 3 ( 1 1 ) 
1 . 8 ± 1 .6 
0 . 0 * 
P b - 1 
0 . 9 3 
0 . 0 3 9 ( 7 ) 
0 . 0 1 8 ( 4 ) 
3 . 2 to . 6 
0 . 7 ^ 0 . 5 
P b - 2 
1 .2 
- 0 . 0 2 7 ( 1 0 ) 
0 . 0 * 
0 . 0 * 
0 . 0 * 
Bulk B-factors: Ge B = 0.586 kz a) 
Sn (white) B = 1.07 A2 b) 
Sn (grey) B = 0.431 A2 b) 
Pb B = 2.54 A2 c) 
a) (Batterman and Chipman (1962)) 
b) Calculated by the Debye temperature from specific heat 
(de Launay (1956)) 
c) (Chipman ( 1960)) 
In the analysis for the Pb-covered samples similar models as described above were applied. 
For the Pb-1 sample a model with one Pb atom and a DW-factor gave x2 = 9.3 and a 
model with one Pb atcm with a DW-factor and three Ge atoms widi a common DW-factor 
gave x2 = 3.4. The final model with one Pb atom, six Ge atoms and two DW-factors gave 
X2 = 0.93. The displacements, listed in Table 2.3, are slightly smaller than for the Sn-
covered samples. For sample Pb-2 a model with one Pb-atom gave x2 = 3.7 and including 
three Ge atoms improved the agreement to x2 = 1.2. With this low value for x2 there was 
no need for further improvement of the model. The displacement of the inwards displaced 
Ge atoms for sample Pb -1 and Pb-2 agrees within the uncertainties. As for the Sn-covered 
samples, it can be concluded from the analysis that the coverage of the ordered areas are 1/ 
3 ML. The analysis shows that the fits for the Sn-covered samples are considerably more 
sensitive than the Pb-covered samples to the inclusion of the Ge atoms. For the Pb-
covered samples the major part of the scattering is from the large Z element Pb, whereas 
for the Sn-covered samples the Sn and Ge atoms have smaller differences in Z. 
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The B-factors of the adatoms> the Ge atoms and their bulk counterparts are displayed in 
Table 2.3. The values for the Sn adatoms are somewhat larger than the bulk values oi white 
and grey tin. For Pb and Ge the values are in agreement with the bulk values. 
2.4 Integer-Order Reflections and Registry 
The analysis in this section is restricted to the samples Sn-1 and Pb-1. Only for these two 
samples are the number of measured integer-order (non-bulk) reflections sufficiently 
large to perform a reliable analysis. The measured in-plane integer-order structure factor 
intensities jF^^Pp are displayed in Table 2.4. These reflections have two contributions: 
One from the Ge substrate, and another from the surface reconstruction. The substrate 
contribution Fhkbulk is described by the structure factor (1-9) that gives the crystal 
truncation rods. 
Table 2.4. Measured integer-order structure factors intensities |FhkcxP|2, 
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The surface contribution Fhk*urf is the structure factor determined by the analysis in the 
previous section and therefore the layers of the substrate that contain displaced Ge atoms 
must be included in this contribution. The resulting structure factor intensities |Fhkmod |2 
are the absolute square of the coherent sum of the two contributions 
|Fhkmod|2 „ |Fhksurf + 3.0 Fhkb«»k|2 (2-1) 
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The factor of 3.0 is due to the different size of unit cell area used in the calculation of the 
two parts of the structure factors. When the scale factor and the parameters for the surface 
layers are taken from the previous section, there are no adjustable parameters in (2-1) and 
die agreement can simply be found by calculating x2- For the registries with the adatoms 
on top of the Ge atoms of the first layer (T*! site) or the second layer (T4 site), two bilayers 
of the substrate are included in the surface contribution. For the H3 site, where the 
adatom is in the center of the hexagon made up of the Ge atoms in the first bilayer of the 
substrate, only this bilayer is included. Finally, the substrate can be turned 180" with 
respect to the /3-unit cell, giving a total of six possibilities. 
In agreement with the conclusions for Ge(lll)y3 x /3-Pb by Feidenhans'l et al. (1986), it 
was found that the adatoms are occupying the T4 sites. However, it was not possible to 
distinguish between the two orientations relative to the Ge substrate. The calculated 
structure factor intensities for the T4 site are displayed in Table 2.4. The agreements for 
the sample Sn-1 are x2 = 4.3 and 5.8 and for the sample Pb-1 x2 = 1-2 and 3.3. The other 
possibilities give x2 in excess of 11. That x2 is larger than one for the best agreements can be 
due to the presence of additional systematic errors for these reflections. The surface 
contribution could be affected by regions with a 1 x 1 structure, either due to missing 
adatoms or due to adatoms in a 1x1 pattern. The substrate contribution could be 
influenced by surface roughness or Sn migration. 
2.5 Rodscans and the Structure in the Direction Normal to 
the Surface 
The measured intensity profiles (rodscans) for die samples Sn-1 and Pb-1 are shown in 
Figure 2.4. and displayed in Appendix C. The rodscans for the two samples display a 
pronounced and quite similar intensity variation, demonstrating that the atomic 
geometry is similar for the Sn- and Pb-induced reconstructions. However, the variation is 
weakest for the Pb- covered sample, because of the dominant contribution from the Pb 
atoms. The period of the variation is approximately 0.5 times the (111) vector indicating an 
extent of the reconstruction of about 6.5 Å, i.e. down to the fourth layer of Ge (Figure 2.1). 
The first model, that was tried, included only the adatoms and the Ge atoms that were 
found to be relaxed in the in-plane analysis. The DW-factors and relaxations were fixed at 
the values found in the in-plane analysis. In the least-square fits only the distances normal 
to the surface were allowed to vary. The agreements are \2 = 12.4 for Sn-1 and x2 = 1.4 for 
Pb-1. The distances normal to the surface from the adatom to the inwards displaced Ge 
atoms are 2.11 ± 0.13 Å and 1.81 ± 0.23 Å for the Sn-1 and Pb-1 samples, respectively. The 
distances from inwards to the outwards displaced Ge atoms are 4.7 ± 0.7 Å for both 
samples. For an ideal unrelaxed Ge(lll) surface the distance from the first layer to the 
fourth layer atoms is 4.08 A. Therefore, is can be concluded that the inwards displaced Ge 
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Figure 2.4: Intensity profile of fractional-order reflections. The points indicate 
the measured intensity and the full curve is the calculated intensity 
from the data analysis. The broken curve is calculated from the 
structure found by a Keating model for the elastic strain, f is the 
momentum transfer in the direction normal to the surface in units 
of the bulk (111) reciprocal vector. 
In the next step the second and third layer of Ge atoms were included, i.e. the model 
contained all the atoms shown in the right-hand side of Figure 2.1. The first optimization 
of this model showed that the number of parameters are large compared to the experi-
mental information in the rod scans and that the fits are not very sensitive to the positions 
of the atoms that are only displaced normal to me surface. To overcome these two 
problems the distances from the Ge atoms 2' to 3' and 2 to 3 (Figure 2.1) were fixed at the 
bulk value 2.450 Å. This is a reasonable restriction, considering the elastic properties of 
Ge (Keating (1966), Martin (1970) and Steifet al. (1987)). The deformation of bond angles 
costs relatively less energy than deformation of bond length. This point is discussed 
further in appendix A. The optimized model, having 13 atoms and 5 parameters, gave the 
agreements \2 - 4.9 and 1.3 for the samples Sn-1 and Pb-2, respectively. Finally, the DW-
factors were allowed to vary which gave the agreement x2 = 4.1 for the Sn-covered sample 
and x2 = 0.8 for the Pb-covered. The relatively large value of \2 for the Sn-covered 
samples is probably due to the introduction of additional systematic errors for the out-of-
plane measurements. The calculated rodscans for the model are displayed as full curves in 
figure 2.4, which shows good agreements between experimental and model structure 
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fåctor intensities. That means that the chemisorption sites determined in the previous 
section are independently confirmed by this analysis. The B-factor for the sample Sn-1 are 
B(Sn) = 1.4 ± 0.7 Å2 and B(Gc) = 3.8 ± 1.6 A2. Those for Pb-i are B(Pb) = 4.9 ± 0.7 Å2 
andB(Ge) = 2.0±I.7Å2. 
The distance from the Sn atom to the Ge atoms in the first layer is d{ = 2.7S ± 0.08 Å and 
the distance between the Sn atom and the Ge atom fust below it is d2 — 2.67 ± 0.23 Å. 
These are slighdy larger than the sum of the covalent radii, 2.62 Å (Pauling (1948)). The 
same distances for the Pb-covered sample are di = 2.72 ± 0.08 and d2 = 2.59 ± 0.98 Å, 
compared to the sum of the covalent radii, 2.68 Å. The major pan of the uncertainties of 
the bond lengths is due to the relatively large uncertainties of the distances in the 
direction normal to the surface. The rest of the bond lengths are for both samples close to 
ute bulk value with relatively large uncertainties. The distances normal to the surface are 
listed in Table 2.5. The large uncertainties are due to the limited f-range in the present 
experiments and can be improved by further studies. 
Table 2.5. Distances normal to the surface found by the rodscan fits. All 

























*> Bulk value 4.083 A 
The directions of the relaxations are indicated by arrows in Figure 2.1, and they can be 
understood as elastic relaxations imposed by the bonding of the adatoms. The Ge atoms of 
the first layer, labelled 1 in Figure 2.1, are forced inwards by the bonding to the adatom. 
This forces the atoms 2' and 3' down and the atoms 2 and 3 up. The atoms 3' and 3 push 
the atoms 4 outwards relative to the atom 3'. The in-plane projected relaxations of the 
atoms (1) in the first layer are about twice as big as the relaxations of the atoms in the 
fourth layer (4). The atomic relaxations are elucidated further in the next section by means 
of model calculations. 
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2.6 Elastic Strain Calculations by the Keating Model 
In 1966 Keating introduced a new model for the elastic energy of a solid in order to explain 
the bulk elastic properties of covalcnt crystals. The model has one term describing bond 
length deformation and another describing mainly bond bending. Later the model has 
been widdy used to investigate atomic relaxations for reconstructions on semiconductor 
surfaces. In this section a modified version of the Keating model, allowing investigations 
of structures containing more than one kind of atoms, is introduced. The model is 
discussed in detail in Appendix A, where the choice of parameters and a comparison with 
the results from ab-initio total-energy calculations is given. The elastic energy E is 
described by the expression: 
a h ! * i 3 ( b . + b j ) j + * ^ L * i j - * i k + V 3 ( b i + f a j K b i + b k J J 2 
bonds
 b o n d 
a n g l e s 
(2 -2 ) 
where xjf is the vector from atom i to atom j, b, is the covalcnt radius of atom i and a and p 
are the parameters which describe the energy cost of bond-length and bond-angle 
deformation, respectively. The factor 1/3 ensures tetrahedrai equilibrium bond angles of 
109.47°. The elastic parameters are a = 0.164 eV/A4 and p/a = 0.10 for Ge (Steif et al. 
(1987) and Appendix A). In equation (2-2) these values are used for all bonds and the 
equilibrium bond angle configurations are assumed to be tetrahedrai for all atoms. In 
Appendix A it is demonstrated that this gives good agreement with total-energy calcula-
tions. 
The calculations need as input a specific model, i.e. it must be defined which atoms are 
bonded to each other. Periodic boundary conditions are applied in the direction parallel 
to the surface. Normal to the surface, a double layer of atoms fixed at bulk positions is used 
as the boundary between the surface reconstruction and the bulk. To ensure that the 
boundary has no influence on the relaxation in the surface reconstruction the boundary is 
moved further and further into the crystal until no significant relaxations are observed in 
the deepest relaxed layer. 
Table 2.6 shows the relaxations for the a-phase of the Ge(lll)v/3x/3-Sn surface as a 
function of number of bilayers relaxed. The radial relaxations a„ a2 and a3 of the atoms of 
the first, fourth and fifth layer, respectively, are displayed. The table also shows the 
distances dt from the adatom to the Ge atoms in the first layer and d2 from the adatom to 
the Ge atom just below. All distances are in units of a - 4.000 Å, the length of the basis 
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vector of the i x l surface unit cell. The atomic positions that minimize the energy are 
obtained when three double layers are relaxed. For four double layers the relaxations in 
die fourth layer are negligible. Therefore only three double layers are relaxed in the rest of 
the calculation*. 
Table 2.6. In-plane relaxations for the a-phase of the Ge(]liy 3 x /3-Sn as a 
function of n, the number of bilayers relaxed. All distances are in 
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Table 2.7. The in-plane relaxations for the a-phaae of the Ge(lll)/3 x /3-Sn and 
Ge(llI)v/3 x ./3-Pb structures from experiment (sample Sn-1 and Pb-
























Table 2.7 contains the in-plane relaxations for the ,/3-structure of Sn and Pb on Ge(lll) 
from experiment (sample Sn-1 and Pb-1) and from Keating calculations. The sign and 
magnitude of the observed relaxations are reproduced by the calculation. The calculated 
relaxations are slightly larger for the Sn-covered surface which is also found experimental-
ly. The relaxations in the fifth a3 and the sixth layer a< cannot be resolved in the 
experiments. 
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The distances normal to the surface for the two surfaces are displayed in Table 2.8. The 
experimental values art those found from the analysis of »he rodscans. The table also 
contains the distances d, and d2 from the adatoms to the nearest neighbours. There is good 
agreement between experimental and model values and it can be concluded that the 
Keating calculations can give a reliable prediction of the atomic relaxations for the model. 
Table 2.8. Distances normal to the surface from experiment (sample Sn-1 and Pb-
1) and from Keating calculations. Also shown are the distances, dj and 
d^ from die adatom to the nearest neighbours. Distances are in units of 
a = 4.000 Å. 












e x p . model 
0 . 4 3 ( 3 ) 0 . 3 7 
0 . 6 7 ( 6 ) 0 . 6 5 
1 . 2 8 ( 6 ) 1 .24 
0 . 5 3 ( 7 ) 0 - 5 3 
1 . 1 4 ( 7 ) 1 .15 
1 . 5 2 ( 8 ) 1 .38 
1 . 0 9 ( 8 ) 1 .01 
0 . 6 9 ( 2 ) 0 . 6 5 
0 . 6 7 ( 6 ) 0 . 6 5 
Sum o f c o -
v a l e n t r a d i i 0 . 6 6 
Pb 
e x p . model 
0 . 4 3 ( 3 ) 0 . 3 8 
0 . 6 5 ( 2 5 ) 0 . 6 6 
1 . 2 6 ( 2 5 ) 1-26 
0 . 6 1 ( 3 0 ) 0 . 5 5 
1 . 2 2 ( 3 0 ) 1 .17 
1 . 5 9 ( 1 1 ) 1 .40 
1 . 1 6 ( 1 1 ) 1 .01 
0 . 6 9 ( 2 ) 0 . 6 6 
0 - 6 5 ( 2 5 ) 0 . 6 7 
0 . 6 7 
The final comparison between experiment and calculation is done by calcubting the 
rodscans of the optimized structures. The broken curves in Figure 2.4 arc obtained by least-
square fitting the scale factor and two DW-factors. The agreements are for the Sn-covered 
sample x2 = 3.4 and the Pb-covered x2 = 1.0, compared to, respectively, *2 » 4.1 and x2 = 
0.S, which were found for the models in the previous section. The lower value of x2 for the 
Sn- covered sample found for the structure from the Keating calculations is mainly due to 
the smaller number of fit parameters for this model (equation 1-26). 
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2.7 Discussion and Conclusions 
AB ab-initio tout-energy caktriafiotis on the a-phasc of the
 v'3xv 3 adatom-induced 
reconstructions published to date are for the Si(lll) surface. The first cakulaiion was for 
the Al-induced recomuuetion (Northrop (1984)). When only the height of the AI atom 
above the surface is optimized it is found that the H3 site is 0.34 eV/adatom lower in 
energy than die T4 site. However, optimization of die positions of die Si atoms in die first 
dtiee layers of the substrate favours UK T4 site by 0.29 eV£datom, This demonstrates 
dearly die importance of subsurface relaxations. Table 2.9 contains a compilation of die 
results from total-energy calculations on die St(lll)/3 x /3-M reconstruction (M =- Al, Ga, 
la, Si and Ge) (Nonhrup (19844986), Nkholts et al. (198554987), Zhang et aL (1985)). The 
difference in energy per adatom between die Hj and T4 site shows diat the T4 is die most 
favourable for all die adctoms investigated, when substrate remx&Twns are allowed. The 
distances for die T4 site between die adatora and die Si atoms in the first layer (d,) and 
Table 2.9. AE - E(H3) - E(T4 > die energy difference per adatom between dte 
H, ^ 1 T 4 chemtsorption sites for the SKlliy 3 x v/3-M surface. For 
M = Al labelled witfi a star no substrate relaxations were included. 
The distance df and d2 are for die T4 site, d) is die distance from die 
adatom to die first layer Si atoms, and d2 is die distance from die 
adatom to die second layer Si atom just below it The bond kngdt b is 
cakuhtrrf as die sum of thecovatau radii. 
M: 
4E{eV) 
d ^ A ) 
d , U > 
b [l] 
A 1 * , a ) 
- 0 . 3 4 
-
2 .43 
A i a ) ^ d ) I n c ) s i b ) G c e ) 
0 .29 0 .38 0 .2 0.64 0 .6 
2 .50 2 .63 2.49 2 .50 
2 .45 2 .59 2.49 2.45 
2 .43 2 .43 2.61 2.34 2 .39 
References: a) Nordurup (19*4) 
b) Nonhrup (1986) 
ONichoUsetal. (1985b) 
d)Nichousetal.(1987) 
e) Zhang eta!. (1985) 
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berween the adatom and the second layer Si atom befow the adaéøm (d2) are also displayed. 
They are in general slightly larger than the sum of the covalem radii. This agrees with the 
experimental results for the Sn- and Pb-induced reconstructions on the Ge(lti} surface. 
The atomic relaxation found by Northrup (1986) for Si(iliy 3 x
 v 3-Si can be compared to 
die experimental results. The outer three layers of the Si substrate are relaxed in the 
calculation and the directions of the relaxations agree widi the experimental results for the 
Sn-and Pb-induced reconstructions on the GeQIl) surface. To nuke a quantitative 
comparison easier the relaxations for the Si surface quoted below are given in units of the 
length of die basis vector of the l x l surface unit cell, a = 3.840 A. For the Si surface the 
radial displacement of the atoms m the first layer is -0.039 compared to die values 
-O.051±0.004 for the sample Sn-1 and -0.040 ± 0.007 for the sample Pb-L The average 
displacements of die atoms 2' and 3' relative to die atoms 2 and 3 (Figure 2.1), found indre 
calculation for the & surface, is 0J04. The experimental values are 0.14 T 0.09 for die Sn-1 
simple and 0.04 ± 0.39 for die Pb-1 sample. The radial displacements agree very well, but 
die displacements normal to die surface are difficult to evaluate due to the large experi-
mental uncertainties. 
Vaaderbilt (1987d) has performed a total-energy calculation for a SKU1) surface widi Si 
adatoms at T4 sites in a 2x2 arrangement. AH atoms in a slab with inversion symmetry 
containing four double layers were relaxed. The bonding geometry near the adatosu *c 
die same for the 2 x 2 uni t cell s for the „/ 3 x J 3 unit cdL The displacement purailel to die 
surface of the atoms bonded to die adatoms are -0.027. This forces die secrnd layer atom 
bdow the adatom and the dtird layer atom below this one downwards (see figure 2.1). As a 
result die fourth layer atoms bonded to the downwards displaced third layer atom are 
displaced outwards by 0.012. These displacements and their relative magnitude agree very 
well widi die observed relaxations for the Sn- and Pb-induced Ge(lUV 3 x „• 3 structures. 
An x-ray photoelectron diffraction study of die Ge(lll)/3 x /3-Sn surface led Sakurai et al. 
(1983) to propose a triplet model. However, the agreement between experimental and 
calculated diffraction pattern was poor and far from die level of agreement found for die 
SXUl)/3 x J 3-Ga (Higashima et al. (1986)) and the SJ(M)V< 3 x ,/3-Sn surfaces (Higashima 
et al. (1987)). The agreement of die triplet model with die x-ray diffraction results 
presented in this diesis has been tested and led to rejection of die model. 
In conclusion, the results of die x-ray study of the a-phasc of the Geflll),/ 3 x y 3-Sn and 
the Ge(IuV3x/3-Pb reconstructions provide unambigious experimental evidence for 
dit T4 chemisorption site. This should stimulate theoretical work on these structures. 
The experimentally determined subsurface relaxations are similar to those found in 
previous theoretical works and from the Keating calculations. The present work demon-
strates the great sensitivity of surface x-ray diffraction to small displacements of atoms 
from bulk positions. The results also demonstrate that information about the atomic 
geometry normal to the surface can be obtained from the measurements of the intensity 
variations along Bragg rods. 
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3. THE STRUCTURE OF THE Ge(lll)5 x 5-Sn 
ANDGe(lU)7 x 7-Sn SURFACES 
3 J Introduction 
The Ge(IIi) surface exhibits SxS and 7x7 reconstructions after deposition of 
submonoiaycr coverafes of So. The similarity of these structures with [he SKUl)7x 7 
reconstruction was already recognized in 1971 by Ichikawa and Ino, when the Sn-induced 
stmctmes were obserred for the first rime. Informariou on the Sn-induced 
reconstructions is important in order to gain a complete theoretical understanding of the 
principles underlying the 5 x 5,7 x 7 and c(2 x 8) reconstructions on the SiQll) and Gc(lll) 
suHaces. A structural investigation has to reveal the role of the Sn atoms in the 
reconstructions. This means that Sn atoms must be identified and the positions of all 
atoms in the surface unit cefi hare to be determined accurately. X-ray scattering 
experiments are well-suited for tackling this problem because the stronger scattering of x-
rays from Sn atoms than from Ge atoms enables the location of the Sn atoms to be 
determined uniquely. Since the number of parameters needed to describe the atomic 
geometry of these stractvres is quite large die intensity of a considerable number of 
reflections has to be measured. A reliable least-squares optimization of a mode! requires 
that the number of non-equivalent reflections measured is about three to five times larger 
than die number of parameters to be optimized. 
Measurements of the in-plane intensity of the fractional-order reflections have been 
performed for one sample with a SxS reconstruction and three samples with 7 x 7 
reconstructions. Tb; analysis of these data sets are described beiow. The in-plane 
projected structures are determined, including the positions of the Sn atoms. The atomic 
displacements are compared to the results of Keating calculations, tight-binding 
calculations (Qian and Chadi (I987ayc)) and experiments on the Si(lll)7 x 7 surface 
(Robinson et al. (1988)). Finally, the total-energy of the surfaces is discussed. 
3.2 Experimental 
The samples were prepared and characterized at the Flipper II beamline in HASYLAB. 
The Ge(lll) substrates were cleaned, by cycles of sputtering and annealing, as described in 
Section 2.2. Sn was evaporated onto the Ge substrates at 25O-30O°C. The coverages were 
estimated by a quartz crystal thickness monitor and core-level photoemission intensities. 
The estimated coverages are listed in Table 3.1 together with other important 
experimental parameters. The three samples with 7x7 reconstructions are labelled no. 1, 
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no. 3, respectively. After the deposition of the Sn the samples were annealed at SftFC ibr a 
few minutes and then cooled slowly to room temperature. The samples were characterized 
by LEED and photoemission before being transferred to a smaller UHV chamber for the 
K-ny diffraction experiment. 
Table 3.1. Experimental parameters for the Ge(lU)5 x 5-Sn and Ge(lU)7 x 7-Sn 
samples. Estimated coverage 6, angle of incidence otp x-ray wave-
length X, reproducibility of symmetry-equivalent reflections e, the 
total number of reflections measured and number of independent 








0 . 7 
0 . 2 7 5 ° 
1 .344 





n o . i 
0 . 5 
0 . 2 6 5 ° 
1 .365 




no . 2 
0 . 4 





n o . 3 
0 . 3 





During the data collection at the diffractometer at the Wiggler beamline Wl a standard 
reflection was measured regularly to check for possible sample deterioration. Typically 
data collection lasted for 3-4 days and only in the case of 7 x 7 sample no. 2 was a decrease 
of the standard reflection observed. The intensity of the (1,3/7) reflection decreased to 60% 
of die original value during this measurement. The only possible way to correct for this 
effect is to scale the measured reflections according to the descrease in intensity of the 
standard reflection. This corresponds to assuming that the decrease in intensity is due to a 
decrease in the area of the ordered 7x7 structure and not due to a change of the structure. 
The structure factor intensities are obtained after correcting the measured intensities for 
the Lorentz factor and for the active sample area. The reproducibility, e in Table 3.1, is 
calculated from the symmetry-equivalent reflections as described in Section 1.4 and the 
uncertainties of the structure factor intensities are calculated from e and the counting 
statistics. For the 5 x 5 sample a total of 115 independent reflections with a reproducibility 
of 0.10 are available. For the best 7 x 7 sample (no. 3), which has a reproducibility of 0.05, 
269 independent reflections were recorded. The structure factor intensities |Fhk«»P|2 and 
their uncertainties <rhk are listed in Appendix D for the 5x5 sample and in Appendix E for 
the 7x7 samples. 
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33 Analysis 
The structure factor intensities were used to construct contour maps of the Patterson 
function (equation 1-25) shown in Figure 3.1. Only the positive contours in the irreducible 
unit have been drawn (see Figure 3.2). The Patterson function of the Si(lll)7 x 7 surface is 
shown for comparison (Robinson et al. (1988)). The plots for the 7 x 7 structures are quite 
similar with the sharpest peaks for sample no. 3, which has the largest number of 
reflections. For sample no. 2 the map is noisy and it is somewhat different from the other 






Fig. 3.1: Plots of the positive 
contours in the 
irreducible unit of the 
Patterson functions, a): 
The Si(lll)7x 7 surface 
(Robinson et al. (1988)). 
b, c and d): The 
Ge(lll)7x 7-Sn samples 
no. 1,2 and 3, 




The strongest peaks are at nearly identical positions in all five maps. The peaks in the 
Patterson function correspond to inter-atomic vectors in the unit cell and the similarities 
suggest that the structural models are the same. The similarity of the Patterson functions 
for the 5 x 5 and 7 x 7 structure shows that the local atomic arrangement are the same. The 
structure of the Si(lll)7 x 7 surface was first solved by Takayanagi et al. (1985a,b) by 
transmission electron diffraction (TED). By a detailed analysis of the Patterson map the 
Dimer-Adatom-Stacking-fauk (DAS) model shown in Figure 3.2.a was deduced. The 
Patterson map from the TED experiment is nearly identical to those from x-ray diffrac-
tion shown in Figure 3.1. The peak labelled 2 in Figure 3.1.d is the strongest and it 
correspond to the adatom-adatom separation. The peak labelled 1 is due to the dimers and 
the peak labelled 3 has contributions from the stacking fault. A detailed analysis of the 
Patterson function will not be given here and the 7 x7 DAS model will simply be taken as 
the starting point for the structure factor analysis. The ingredients of the DAS model can 
be combined to form reconstructions with (2n +1) x (2n +1) unit cells. The structure with 
5x5 and 7x7 unit cells are shown in Figure 3.2. The similarities between the plot of the 
Patterson function for the 5 x 5 and 7x7 structure demonstrate that the reconstructions 
hive many interatomic vectors in common. Therefore the 5 x 5 DAS model is chosen as 
the starting point for the analysis of the Sn-induced 5*5 reconstruction. 
Figure 3.2: The Dimer-Adatom-Stacking-fault (DAS) model, (a): 7 x 7 and (b): 
5x5. The adatoms are shaded and the irreducible unit of the 
Patterson function is shown as triangles. 
The independent atoms in the top layers of the 7 x 7 and 5x5 DAS models are shown in 
Figure 3.3. The large circles indicate adatoms, medium and small circles indicate first and 
second layer atoms, respectively. The resr of the atoms in the unit cell can be generated by 
reflections in the bulk mirror lines shown as broken lines in the figure. The top layers of 
the DAS models have an extra mirror line indicated by a dashed-dotted line in the figure. 
The adatoms and the first bilayer of atoms of the ideal model have 6 mm symmetry in 
contrast to the bulk which has only 3 m symmetry. 
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The independent 
atoms in the top layers 
of the 7x7 (upper part) 
and 5x5 (lower part) 
DAS models. The 
broken lines are mirror 
lines for the bulk and 
the dashed-dotted line 
is an approximate mir-
ror line in the top 
layers of the DAS mod-
el. A labelling of the 
atoms is shown. 
In the least-squares analysis of the Ge(lll)-Sn reconstructions the DAS models with 6 mm 
symmetry were the first models to be tested. All atoms were taken to be Ge with a common 
isotropic Debye-Waller (DW) factor. Only the positions of the dimer atoms labeled 8, 9 
and 10 in Figure 3.3 were allowed to vary and the rest of the atoms were fixed at their ideal 
positions. For the Ge(lll)7 x 7-Sn d-ua sets no. 1, 2 and 3 the least-squares residuals were, 
respectively, \2 = 7.8,7.0 and 8.0. The fit for the Ge(lll)5 x 5-Sn data gave \2 = 10.7. 
After each fit an error synthesis according to equation (1-33) was performed. Figure 3.4 
shows plots of the positive contours i i the eltctron density difference Ap for the 7 x 7 data 
set no. 3 and for the 5 x 5 data set. The figure shows that the model should have more 
electron density at the positions of the adatoms. The error synthesis for the data set no. 1 
was similar. However, for data set no. 2 the contour plot was flat and noisy. Sample no. 2 
decayed with time so this data set is somewhat unreliable. 
Inspired by the error synthesis the electron density of the adatoms was allowed to vary in 
the next models. For the 7 x 7 data set no. 1 and 3 and the 5 x 5 data set this was done by 
taken the adatoms to be Sn and multiplying the form factor fSn by a fitting parameter. The 
form factors are proportional to the atomic charge Z and have almost the same dependence 





a) Ge(111)7x7-Sn no. 3 
b) Ge(111)5x5-Sn 
Figure 3.4: Plots of the positive contours of the electron density difference Ap 
(Equation 1-33) for the 7 x 7 data set no. 3 (a) and the 5 x 5 data set 
(b). 
to fitting the charge of the adatoms. The model had a DW-factor for the adatoms and 
another for the Ge atoms. The atoms in the model were allowed to rtlax according to the 6 
mm symmetry. For the 7 x 7 data sets it was not possible to separate the displacements of 
the adatoms and the atoms just below them. These atoms have nearly coincident in-plane 
positions and they cannot be distinguished in the fits of the in-plane projected models. 
Therefore the atoms below the adatoms were fixed at their idea) positions. The results of 
the fits are displayed in Table 3.2 together with the results for Si(lll)7 x 7 by Robinson et 
al. (1988). For the 7 x 7 data set no. 2 the form factor of the adatoms was taken as the form 
factor of Ge multiplied by a fit parameter. This choice was made due to the lower electron 
density of the adatoms for this surface, as indicated by the error synthesis. This model had 
X2 = 3.7 for an electronic charge of the adatoms which was only 0.78 ± 0.08 limes the 
charge of the Ge atoms in the deeper layers. An error synthesis showed that the adatom 
labelled 1 in Figure 3.3 had more electronic charge and therefore the atomic charge of the 
two adatoms were fitted independently. The results for the fit of this model for the data set 
no. 2 are displayed in Table 3.2. This model did not give significant improvements for the 
data sets no. 1 and 3. 
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Table 3.2. The results from the fits of the 6 mm DAS model. The labels of the 
atoms refers to Figure 3.3. The absolute displacements are given by 
multiplying by a = 4.000 Å for the Ge structures and a = 3.840 Å for 
the Si structure. The results for the Si(M)7x7 surface is from 
Robinson et al. (1988). The form factors fAd for the adatoms and the 
B-factors are also displayed. The numbers in parentheses after the 
displacements are the uncertainties on the last digits. A star indicates 
a parameter fixed by symmetry. Two stars indicate parameters that 
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The least-square fits of the models have values of x2 which are more than a factor of two 
lower than that of the starting models. A comparison of the atomic displacements in Table 
3.2 shows that the three structures, Ge(lll)5 x 5-Sn, Ge(lll)7x7-Sn and Si(lll)7 x 7 have 
nearly the same atomic displacements. The agreement between the two most reliable data 
sets no. 1 and 3 for the Ge(lll)7 x 7-Sn reconstruction demonstrates satisfactory reproduc-
ibility. 
As indicated by the error synthesis performed on the starting models the adatoms are 
found to have charges that are larger than the charges of the deeper atoms. For the 7 x 7 
data set no, 3 the adatom positions are all occupied by Sn atoms. For the other data sets the 
charges determined for the adatoms are smaller. However, the analysis does not give the 
absolute charge, but only the charge relative to the atoms in the deeper layers. The 
observed reduction of the adatom charge relative to a full occupation of the adatom sites 
by Sn can be caused by the following effects: 1) Missing adatoms. 2) Some Ge adatoms 3) 
Sn substitution in the layers below the adatoms. The result for the data set no. 3 can 
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onry occur when no Sn substitution is present in the layers below the adatoms and when 
all adatom positions are occupied by Sn atoms. For sample no. 2, which decayed during 
the data collection, the adatom charges are quite small. This could mean that impurities 
attack the adatoms. The stacking fault and the dimers seems to be unaffected. For the data 
set no. 1 the adatom charge corresponds to an 81% ± 4% occupation of the adatoms sites by 
Sn, assuming that the deeper atoms are Ge. However, the B-factor for the adatom is 
unrealistically small compared with the B-factor of the deeper atoms. This is probably due 
to the correlation in the model between the adatom charge and the B-factor. A first-order 
expansion of the Debyc-Waller factor gives: exp(- BQ2/(4TT)2) = 1 - BQ2/^)2- The data set 
no. 1 contains a limited number of reflections with relatively small scattering vectors Q 
and therefore the adatom charge is cot related with the B-factor. The occupation of 81% ± 
4% can be considered as a lower estimate for this sample. The data set for the 5x5 
reconstruction gives an adatom charge corresponding to an Sn occupation of 86% ± 5% of 
the adatom sites, under the assumption that the atoms in the layers below the adatoms are 
Ge. 
Figure 3.5 shows a graphical presentation of the atomic displacements for the Ge(IlI)7 x 7-
Sn data set no. 3 and the Gc(lll)5 x 5-3n data set. The displacements are shown as arrows 
and have been multiplied by ten except for the dimer atoms, which are shown at their 
actual positions. The main features in the displacement patterns are net inward displace-
10,1} 
Figure 3.5: The displacements of the 
atoms in the irreducible 
unit. The dimer atoms are 
shown at the actual posi-
tions and for the rest of 
the atoms the arrows 
show the displacements 
multiplied by ten. Upper 
pan: Ge(lll)7 X 7-Sn data 
set no. 3. Lower part: 
Ge(lll)5x5-Sn. The mo-
dels applied have 6 mm 
symmetry and the adatom 
charges have been fitted. 
-59-
ments of the atoms bonded to the adatoms. For the 7 x 7 reconstruction it is 0.016 ± 0.005 
for the adatom labelled 1 in Figure Z3 and 0.014 ± 0.005 for the adatom labelled 2. The 
displacements quoted in this chapter are ail in units of the lattice constant of the l x l 
surface: a = 4.000 A for Ge and a = 3.840 A for Si. The net inwards displacement for the 
5x5 structure of the atoms bonded to the adatoms is 0.021 ± 0.004, which agrees quite 
well with the displacements for the 7x7 structure. For comparison the Si(lil)7x7 
structure has a net displacement of 0.029 ± 0.005 around both adatoms (Robinson et al. 
(1988)) and the Ge(iuy3 x /3-Sn structure has a displacement of 0.051 ± 0.004 (Table 
2.3). 
The projected distance between the two atoms of the dimers are, for the Ge(lll)7 x 7-Sn 
data set no. 3,0.678 ± 0.007 (atom 8-9) and 0.650 ± 0.007 (atom 10-10) compared to the 
bulk bond length of 0.613. For the ideal unrelaxed model the dimer bonds are parallel to 
the surface. If they are assumed to be parallel to the surface also for the relaxed structures 
the observed bond lengths correspond to a stretching of 11 ± 1% and 6 ± 1%, respectively, 
of the two bonds. For the 5x5 structure the dimer bond length is 0.657 ± 0.007 
corresponding to a 7 ± 1% stretching. For the Si(lll)7 x 7 structure the average stretching 
of the dimers is 6 ± 2%. The atomic displacements are discussed further in die next 
section, where they are compared to the displacements obtained by theoretical calcula-
tions. 
The agreements of the least-squares fits of the models with the 5 x 5 data set and the 7 x 7 
data set no. 3 are, x2 = 5.1 and 3.6, which still leaves room for improvement. The 5x5 
model requires 13 parameters and the 7x7 requires 19, whereas the data sets contain 
respectively 115 and 269 reflections. In crystallography it is customary, as a rule of thumb, 
that about five reflections should be available for each parameter to be refined. Even with 
this quite strict rule the data sets are sufficiently large that more parameters can be 
included in the models. The obvious way to continue is to allow the atoms to relax 
according to the lower 3 m symmetry of the bulk. The analysis, which is described below, 
is restricted to the 5 x 5 and the 7 x 7 data set no. 3, because only these two data sets have a 
sufficiently large number of reflections. 
The next model that was fitted to the data included the adatoms and the next two bilayers. 
The adatoms and the first bilayer were relaxed according to the 6 mm symmetry in order 
to limit the number of fitting parameters. The choice of 6 mm symmetry for these atoms 
corresponds to assuming that the displacements in the two parts of the unit cell with 
regular and faulted stacking are the same. The interaction that gives an energy difference 
between the two parts of the unit cell is between fourth nearest neighbours atoms and can 
be expected to have only a small influence on the nearest neighbour bonds at the surface. 
The energy associated with a stacking fault in the surface layers has been calculated by 
Vanderbilt (1987a). The ab-initio total-energy calculations showed that, for the relaxed 
Si(lll)l x 1 surface, the energy difference between the regular and faulted surface is 60 meV 
per l x l surface unit cell. For the 2 x 2 adatom model the energy difference is only 20 meV 
per 1 xl area. These results agree with the energy of the bulk stacking fault in Si of about 
30 meVrixl" (Chou et al. (1985)) and the energy difference between the cubic and 
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hexagonal diamond structure of 32 meV per 1 x 1 surface area for Si and 30 raeV "1 x 1" for 
Ge (Yin and Cohen (1582)). The energy estimated for die stacking fault is negligible 
compared with the energy of a nearest neighbour bond, which is of the order of 3 eV 
(Northrup(1987)). 
The atoms in the second bilayer, which has 3 m symmetry, can be expected to have 
significant displacements. For Ge(lllX/3x
 V'3-M (M = Sn or Pb) with a similar adatom 
geometry, the displacements in the second bilayer are half as large as the displacements in 
die fin:: bilayer. In the least-square fits of the model, it is not possible to determine the 
relaxations of the atoms in the second bilayer that have atoms just above them. Figure 3.6 
shows the labelling of the atoms in the models. For the 7x7 model the atoms labelled 18 to 
26 were fixed and for the 5 x 5 the atoms 20,21,23 and 24 were fixed. The models have now 
40 parameters for the 7 x 7 and 22 for the 5 x 5 structure. The least- square fits of these 
ir odels gave x2 = 2.4 and 3.2 for the 7 x 7 and 5x5 structures, respectively, compared to 





Figure 3.6: The atoms in the first two bilayers of the 7x7 and 5x5 DAS 
models, (a): First bilayer and adatoms in the 7 x 7 structure, (b): 
Second bilayer in the 7 x 7 structure, (c): First bilayer and adatoms 
in the 5 x 5 structure, (d): Second bilayer in the 5 x 5 structure. In 
the least-square fits the upper bilayer and the adatoms were allowed 
to relax in 6 mm symmetry and the lower a ton. s in 3 m symmetry. 
For the 7 x 7 model the atoms labelled 18 to 26 weie fixed and for the 
5x5 model the atoms 20,21,23 and 24 were fixed. 
Tabic 3.3. Atomic displacements of the atoms in the first two bilayers of the 
7 x 7 and 5x5 DAS models. The atom labelling refers to Figure 3.6. 
The models that have been used to obtain the experimental displace-
ments are described in the caption of Figure 3.6 and in the text The 
parameters marked with a star have been fixed in the least-square fits. 
The displacements in the other columns (Keating calculation) have 
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atomic displacements are displayed in Table 3.3 and are shown graphically in the left-
hand sides of the Figure 3.7 and 3.8. As before, the dimer atoms are shown at the actual 
positions and for the other atoms the arrows show the displacement multiplied by ten. 
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Figure 3.7: The displacements of the atoms in the first two bilayers of the DAS 
model for the Ge(lH)7x7-Sn structure. The dimer atoms are at 
their actual positions and the displacements of the other atoms, 
multiplied by ten, are shown by arrows. Left-hand side: Experi-
mental displacements, (a) Adatoms and first bilayer. (b): Second 
bilayer. The shaded atoms have been fixed in the least-squares fit 
Right-hand side: Displacements from a minimization of the elastic 
strain energy calculated with a Keating model: (c) Adatoms and 
first biiayer, (d): Second bilayer. 
The displacements of the adatoms and the atoms in the bilayer just below them are nearly 
the same as for the model without the second bilayer. The dominant feature in the 
displacement patterns is inwards displacements of the atoms bonded to th? adatoms. For 
the 7x7 data the net inwards displacements have changed slightly to 0.025 ± 0.005 and 
0.038 ± 0.005 around adatoms 1 and 2, respectively. For the 5 x 5 data the displacement is 
0.021 ± 0.004, These values are close to the displacement of the Si(lil)7 x 7 structure 
(Robinson et al. (1988)): 0.029 ± 0.005, but smaller than the value for the a-phase of the 
Ge(lll)v/3 x /3-Sn structure: 0.051 ± 0.004 (Chapter 2). The bond length of the dimers are 












Figure 3.8: The displacements of die Ge(lll)5 x 5-Sn structure. Left-hand side: 
Experiment. Right-hand side: From an elastic strain energy mini-
mization. See Figure 3.7 for additional information. 
The displacements of die second layer atoms are mainly outwards displacemenDi of the 
fourth layer atoms relative to the projected positions of die adatoms. Hence, the displace-
ment patterns around die adatoms in the 7 x 7 and 5x5 structures are similar to die 
displacement pattern of the Ge(lll)/3 x /3-Sn surface (Chapter 2). The adatoms are 
bonded to die first layer atoms and pull these atoms inwards. The second and diird layer 
atoms just below die adatoms are pushed downwards. This pushes the fourth layer atoms 
bonded to the diird layer atoms outwards (see Figure 2.1). For the Ge(lll)7 x 7-Sn 
structure die average outwards displacement of the fourth layer atoms is 0.038 ± 0.005 
and for die Ge(lll)5 x5-Sn structure it is 0.027 ± 0.005. These values are similar to the 
value for the Ge(lll),/3 x /3-Sn surface: 0.027 ± 0.003 (Chapter 2). However, it should be 
noted diat die displacements in the second bilayer are as large as the displacements in the 
first bilayer. 
An error synthesis was performed after die least-square fits. For the 7 x 7 data set a contour 
plot of die electron density difference was flat and noisy. In contrast the contour plot for 
the 5 x 5 structure showed additional electronic charge on the atom with the dangling 
bond, labelled 6 in Figure 3.6, on the dimer atom labelled 8 closest to the corner holes and 
in a position close to the dangling bond on atom 22 in the corner hole. In the next least-
squares fit th.se electronic charges were allowed to vary. This model gave ax2 - 1-7 for 
die following electronic charges: At the atom 6:1.08 ± 0.07 and on the dimer atom 8:1.21 
± 0.06, both in units of the electronic charge of a Ge atom. The electronic charge in the 
corner hole was described by including one atom in each corner hole. The atom is 
displaced away from the atom with a dangling bond in the center of the corner hole. It can 
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ak at three diflerc&t symmetry-equivalent positions. However, the electronic density 
corresponds to a situation in which the three position are one third occupied by Sn atoms* 
i.e- for each unit cell only one of the three positions is occupied. The atom has a B-factor 
5.4 ± 1.5 Å2 and is situated at the position (0.18 ± 0.03,0.35 ± 0.06) or at one of the two 
equivalent positions. This situation cannot be distinguished from an occupation of all 
three positions with atoms having a charge of 1/3 of an Sn atom. In this final model the 
adatom charge correspond to 0.90 * 0.05 of the electron charge of a Sn atom. 
The atom labelled 6 has only a marginally larger electronic charge than a Ge atom rad so 
no further interpretation is possible. However, the additional charge on the dinner atom is 
significant and can be due to Sn substitution at this position. Assuming that the non-
adatom positions are occupied by Gc atoms the Sn substitution of the dimer atom is 37% 
± 11%. This corresponds to about two Sn atoms per 5 x 5 unit celL The implication of this 
is discussed in Section 3.5 which contains estimates of the total energies of the structures. 
3.4 Comparisons with Atomic Relaxations from Model 
Calculations 
The previous section demonstrated similar atomic displacements for the Ge(lll)7 x7-Sn, 
Ge(lll)5x5-Sn, Si(HI)7x7 and Ge(mV3x/3-Sn structures. In order to obtain a good 
basis for a further discussion of these similarities, the atomic coordinates can be compared 
to the results of model calculations. The preferred technique for such calculations are ab-
initio total-energy methods, but unfortunately, the large unit cell of the DAS structures 
makes such calculations impossible. However, semiempirical tight-binding calculations 
have been performed for the Si(ill)5 x 5 and Si(lll)7 x 7 DAS structures (Qian and Chadi 
(1987a,b,c)). In this work the positions of the adatoms and the atoms in the next three 
layers of the crystal have been optimized to give the lowest value for the total energy. The 
in-plane projection of the displacements are close to having 6 mm symmetry. The 
displacements in the two halves of the unit cell typically agree within 10%. The average 
displacements of the two halves of the unit cells are displayed in Tables 3.4 and 3.5. 
The atomic relaxations can also be obtained by calculating and minimizing the elastic 
strain in the reconstructions. Section 2.6 and Appendix A and B demonstrate that the 
Keating model for the elastic energy is able to give relaxations that agree quite well with 
more advanced calculations and with experiment. In the Keating calculations (present 
work) for the 5 x 5 and 7x7 DAS models the positions of the adatoms and of the atoms in 
the first three bilayers (i.e. six layers) were optimized. The calculations involve the 
optimization of 171 and 89 parameters for the 7x7 and 5x5 structure, respectively. 
Section 2.6 and Appendix A contain details of the calculations. As for the tight-binding 
calculations the displacements of the adatoms and of the atoms in the first bilayer are 
found to have nearly 6 mm symmetry. The results for the Si(Jll)7 x 7, Ge(lll)7 x 7-Sn, 
Si(lll)5x5 and Ge(lll)5 x 5-Sn are shown in Tables 3.4 and 3.5. The agreement between 
the results from tight-binding calculations and the Keating calculations is astonishing, 
considering the very different approaches. The largest differences are for the atoms 
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bonded to the adttoms (atom 4 and S for the Si(Ul)7x7 structure and atom 4 for the 
Si(in)Sx 5 structure). The bonds of die adatoms are heavily distorted and in the Keating 
calculations they are treated as bulk bonds. This is probably a too simplistic approach to 
account for the large deviations from the tctrahedral configuration. 
The experimental displacements determined by x-ray diffraction for the Si(lll)7x7 
(Robinson et aL (198*)) and Ge(lll)7 x 7-Sn (present work) structures are also displayed in 
Table 3.4. The results are from the least-squares fits of the models with 6 mm symmetry, 
that includes die adatoms and the atoms in the first bilayer. The experimental results for 
the SKlll)7x7 and the Ge(lll)7x7-Sn surface agree quite well with the tight-binding 
calculations as well as with the Keating calculations. The displacement of atoms bonded 
to the adatoms are closest to the results of the tight-binding calculations. This is 
reasonable, due to the more realistic treatment of electronic properties in this type of 
calculations. Figures 3.9 and 3.10 show a graphical presentation of the displacements. The 
displacements are multiplied by ten except for dimer atoms. Figure 3.9 shows the results 
Table 3.4. Atomic relaxations for the Si(lll)f7 x 7 and Ge(ill)7 x 7-Sn surfaces. 
a) X-ray diffraction experiment by Robinson et al. (1988). The 
structural model has 6 mm symmetry and includes only the 
adatoms and first bilayer. 
b) Tight-binding calculation by Qian and Chadi (1987a). 
c) Elastic strain calculations by the Keating model (present work). 
d) X-ray diffraction experiment (present work). The same model as 
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Tabk3.5. Atomic displacements for the Si(lll)5x5 and Ge(lll)5 x 5-Sn-
suxfaces. 
a) Tight-binding calculation by Qian and Chadi (1987c). 
b) Elastic strain calculations by the Keating model (present work). 
c) X-ray diffraction experiment (present work). The model has 6 
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from experiment for Ge(lU)7 x 7-Sn, the tight-binding results for Si(lll)7x7 (Qian and 
Chadi (1987a)) and the results from the Keating calculation for the Ge(lll)7 x 7-Sn surface. 
The experimental results have a good qualitative agreement with both types of calcula-
tions. However, none of them are able to predict the experimentally observed displace-
ments of the adatoms. The adatoms are found to be relaxed away from the dimers and the 





The atomic displacements of ihe Ge(lll)7 x 7-Sn structure. The 
arrows show the displacement multiplied by ten. (a): The result of 
the x-ray scattering experiment as shown in Table 3,4 (present 
work), (b); From tight-binding calculations for Si(lll)7 x 7 (Qian 
and Chadi (1987a)). (c): From a Keating calculation for Ge(lll)7 x 7-
Sn (present work). 
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The experimental results for the Ge(lll)5 x 5-Sn structure are in very good agreement with 
the tight-binding results for die Si(lll>5 x 5 structure (Qian and Chadi (1987c)) and the 
results from Keating calculation, as shown by Table 3.5 and Figure 3.10. Also for this 
structure both types of calculation fail to predict the observed displacement of the adatom. 
(0.1) (0,11 (0,1) 
(a) (b) (c) 
Figure 3.10: The atomic displacements for the Ge(lll)5 x 5-Sn structure. The 
arrows show the displacements multiplied by ten. (a): The results 
of the x-ray scattering experiment as shown in Table 3.5 (present 
work), (b): From the tight-binding calculations for the Si(lll)5 X 5 
structure (Qian and Chadi (1987c)). (c): From the Keating calcula-
tion for the Ge(lll)5 x 5-Sn surface (present work). 
The projected dimer bond lengths are found to be about 3% longer than the bulk bond 
lengdi by both tight-binding and Keating calculations. This value is somewhat small 
compared to the experimental values. For the Si(lll)7 x 7 structure the dimer bonds are 6 
± 2% longer (Robinson et al. (1988)) for the Ge(lll)7 x 7-Sn structure they are 11 ± 1% and 
6 ± 1% longer and the dimer bond for the Ge(lll)5 x 5-Sn surface is 7 ± 1% longer than the 
bulk value. 
The Keating calculations also give the displacements of the atoms in the deeper layers. 
They can be compared to the experimental results for the models that include the 
adatoms, the atoms in the first bilayer with 6 mm symmetry and the atoms in the second 
bilayer with 3 m symmetry. The results from experiment and from Keating calculations 
for the Ge(lll)7 x 7-Sn and Ge(lll)5 x 5-Sn structures are displayed in Table 3.3 and shown 
in the Figures 3.7 and 3.8. The displacement have a good agreement except for the second 
layer atoms bonded to the "rest atom" in the corner hole, which has a dangling bond. A 
close inspection of the displacements in the upper layers (Table 3.3 and Figures 3.7 and 
3.S) also shows that the displacements of the atoms bonded to the atom labelled 6 with a 
dangling bond, are not in good agreement with the results from the Keating calculation. 
The changes in coordination of these "rest atoms" are not taken into account in the 
Keating model, which assumes tetrahedral equilibrium bond configurations. The tight-
binding calculations of Qian and Chadi (1987a,c) are more realistic or. this point and a 
comparison with Table 3.4 and 3.5 shows as expected that the results of these calculations 
are in better agreement with experiment. 
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In some cases the atomic relaxations at the surface can be understood in terms of chemical 
arguments developed for simple molecules (Goddard and Harding (1978) and Swarts et al. 
(1980,1981)). In other cases these arguments have to be combined with toul-energy 
calculations for the surface. However, even for simple molecules the bond configuration is 
a result of competing interactions and the behaviour is not easily understood (Goddard 
and Harding (1978)): The bond configuration has to minimize the electrostatic interac-
tions and at the same time the valence electrons have to obey the Pauli principle. In the 
rest of this section the atomic relaxations around the rest atoms are discussed by 
combining chemical arguments for the local changes with results from total-energy and 
band structure calculations. 
The ideal unrelated l x l surface has an sp3 -orbital directed into the vacuum containing 
only one electron. The energy of the surface atom can be lowered by a rehybridization 
which transfers some of the s-character of the dangling bond into the double occupied 
bonds of the atom. This leads to an spMike configuration for these bonds with pz-
character of the dangling bond. The ideal sp2-configuration is planar with 120° between 
the bonds and the surface atom is relaxed inwards. The deformation of the bonds of the 
atoms bonded to the surface atom (sp3-configuration) costs energy and this limits the 
inwards relaxation of the surface atoms. When the atomic positions are optimized in a 
total-energy calculation this inwards relaxation is found (Northrup et al. (1981), Vander-
bik and Louie (1984), Vanderbilt (1987a)). It leads to an increase in the bandwidth of the 
dangling bond states, which are present in the band gap (Schliiter et al. (1975)). A contour 
plot of the electron density of the occupied states shows as expected the strong p-character 
of the dangling bond states. 
Haneman (1961,1982) suggested a "buckling" model with two inequivalent surface atoms 
for the 2 x 1 structure which is observed on the cleaved surfaces of Si and Ge. In this model 
one of the surface atoms is moved outwards and the other inwards in such a way that the 
bond lengths are approximately preserved. The doubling of the unit cell gives rise to two 
bands of surface states and the occupied lowest band corresponds to electronic states 
which are almost entirely on the upper atom (Schluter et al. (1975)). This means that the 
electron in the dangling bond on the lower atom is transferred to the upper atom. The 
bonds to the substrate of the atom in the outer position are mainly p-like and the dangling 
bond is mainly s-like. A small hybridization of the s- and p-states leads to a spatial 
separation of the two dangling bond states (Goddard and Harding (1978)). This minimizes 
the e'ectrostatic interactions for two electrons in this state and therefore it is favourable to 
transfer the electron from the inwards to the outwards relaxed atom. The configuration of 
the upper atom is quite similar to ammonia NHj, which has a "lone pair" in an s-like state 
and angles between the three H-bonds that are smaller than the tetrahedral value (Swarts 
etal.(1980)). 
The DAS structures have the adatoms and rest atoms in a local 2x2 arrangement. Total-
energy calculations for the Si(lll)2 X 2-Si (T4) adatom surface shows that the rest atoms in 
the structure are similar to the outwards relaxed atoms in the buckling model (Northrup 
(1987) and Vanderbilt (1987a)). The bonding of the adatom to the dangling bonds of the 
substrate gives one band that corresponds to the dangling bond of the adatom and two 
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bands, that are about 2 eV lower in energy and are derived from the px and py-orbitals of 
the adatoms (Northrup (19864987)). A fourth band, which arises from the "rest atoms", is 
situated between these two sets of adatom-derived bands. The fact that the "rest-atom" 
derived band is situated at an energy lower than the adatom dangling bond state leads to a 
charge transfer of one electron from the adatom to the "rest atom". This leaves the upper 
bond empty and "rest-atom" derived band completely full. The total-energy calculations 
of Vanderbilt (1987d) (Appendix A) shoiv that the "rest atom" is relaxed outwards as 
expected. The Keating calculations described in Appendix A do not take the rehybridiza-
tion of the "rest atom" into account and hence do not give the outwards relaxation of the 
"rest atom". Figure 3.11 demonstrates the influence of the elect ionic effect on the 
projected relaxations. The figure shows the difference between the relaxations from the 
total-energy calculation (Vanderbilt (1987d)) and the Keating calculations (present work). 
A significant relaxation, towards the "rest atom" is seen for the atoms bonded to the "rest 
atom". 
Figure 3.11: The relaxations due to electronic effects for the Si(lll)2 x 2-Si 
adatom structure. The differences between the total-energy calcu-
lations (Vanderbilt (1987d)) and the Keating calculations (present 
work) multiplied by 15 are shown by arrows. 
Tight-binding calculations for the 5 x 5 and 7x7 DAS structure also gave an outward 
relaxation of the "rest atoms" in these structure. (Qian and Chadi (1987a,c)). The number 
of "rest atoms" for the 5x5 and 7x7 structure is respectively 3 and 7 per unit cell 
compared to the number of adatoms, which is 6 and 12. The calculation shows, as 
expected, that the "rest atom" states are lower in energy than the adatom dangling bond 
states and therefore the "rest atom" states are completely filled. The influence on the in-




Figure 3.12: The influence of electronic effects on the relaxation in the top 
layers of the 7x7 (left-hand side) and the 5 x5 (right-hand side) 
DAS structure. The arrows show the difference, multiplied by 15, 
between the tight-binding (Qian and Chadi (1987a,c)) and Keating 
calculations (present work). 
differences between the tight-binding and Keating calculations multiplied by IS are 
indicated by arrows. As expected a large relaxation of the atoms bonded to the "rest atoms" 
towards them is observed. The significant influence of the electronic effects on the 
relaxations accounts for the better agreement between experiment and the tight-binding 
calculations compared to the Keating calculations. 
In summary, the observed atomic displacements of the Ge(lll)7 x 7-Sn and Ge(lll)5 x 5-Sn 
structures are well described by both Keating and tight-binding calculations. The tight-
binding calculations give the best description of the telaxations in the upper layers, due to 
the more realistic treatment of the atoms which have changes in electronic configurations. 
For the deeper atoms, which have positions that are only slightly different from the bulk 
positions, the results from the Keating calculations are in good agreement with experi-
ment. 
3.5 Surface Sress and Total Energy 
Attempts to understand surface reconstructions on semiconductor surfaces are mainly 
based on two different principles. One suggestion is that the reconstruction takes place 
because it is energetically favourable for the surface to reduce the number of dangling 
bonds. The other approach is to consider the reconstructions to be due to relief of stress in 
the surface region of the unreconstructed surface. These two ideas are not distinguishable 
and the only way to determine which of different proposed structural models for a surface 
is the most favourable is to calculate and compare the total energies. 
(0,1) 
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The discussion of the surface stress was renewed by the calculations for the Si(lll) surface 
performed by Pearson et al. in 1986. The stress calculations were based on an empirical 
expression for the energy including two- end three-body interactions. This energy 
expression has been shown to give a good description of structural properties of Si (Takai 
et al. (1985)). The calculation on the ideal Si(lll)l x 1 surface gave displacements for the 
relaxed surface which are similar to those found by ab-initio total-energy calculations. 
The surface stress was also calculated for the empirical potential and the surface was found 
to have a large compressive stress: -2.7 eV per l x l surface cell area. With this in mind, it is 
obvious to suggest that the dimer rows in the DAS structure are formed in order to relieve 
the stress. An optimization of the length of the six bonds of a dimer with ideal unrelaxed 
surroundings shows that the dimer bonds are stretched by about 6% relative to the bulk 
value. Therefore, the idea is that the dimers are topological defects that relieve compres-
sive stress in the surface. 
Vanderbilt (1987a) has recently performed ab-initio stress calculations for different 
structures on the Si(lll) surface and found results quite different from Pearson et al.. The 
relaxed l x l surface with regular stacking and with a stacking fault in the surface layer 
were found to have a stress of -0.5 eV and 0.0 eV per 1 x 1 area, respectively. (A negative 
stress is compressive and positive is tensile). The calculation also showed that the ir-
bonded chain for the cleaved surfaces (Section 1.2.b) is under a large tensile stress along 
the chain (1.4 eV/"l x 1" and a smaller tensile stress (0.4 eV/"l x 1" perpendicular to the 
chain. These calculations show that it is not compressive stress that makes the 1 x 1 and the 
tr-bonded 2x1 structures unfavourable. 
To elucidate the stress in the DAS structure Vanderbilt (1987a) has also performed 
calculations for the Si(lll)2 x 2-Si (T4) surface with and without stacking fault in the 
surface layers. These adatom arrangements are similar to the adatoms in the DAS models. 
Both structures have a large tensile stress: 1.8 eV/" lx l" for the regular stacking and 2.2 
eVT 1 x 1" for the faulted stacking. These stresses are caused by the bonding of the 
adatoms to the surface atoms. Finally, the stress of the adatom-free n x n DAS structures 
were calculated by a combination of ab-initio and Keating calculations. As expected the 
pull of the dimers results in a tensile stress for the 5x5, 7x7 and 9 x 9 structure. The 
values are, respectively, 1.22, 0.83 and 0.61 eV/" 1 x 1". These results and the results for the 
2x2 adatom structured clearly demonstrates that the dimers and the adatoms both 
contribute to an increase in the surface tensile stress relative to the relaxed ideal l x l 
surface. Finally, the discussion in the previous section showed that the "rest atoms" also 
give rise to tensile stress. 
In contrast to the calculations of Pearson et al. the calculations by Vanderbilt are based on 
a more reasonable and realistic energy expression, so his results should be reliable. It must 
be concluded from Vanderbilt's work that surface stress is not the decisive factor for 
surface reconstruction. The rest of this section is a discussion of the total-energy of the 
surface r constructions in terms of dangling bond reduction. 
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Total-energy calculations are much more numerous for the Si(lll) surface than for Ge(lll). 
In the introduction (Chapter 1) it was argued from experimental and theoretical results 
that the physics and chemistry of the Si and Ge surfaces are quite similar. So, the following 
discussion of the Geflll) and Si(lll) surfaces is mainly based on the results available for Si. 
The ideally terminated, unrelaxed Si(lll)l x 1 surface has an energy which is 1.63 eV/"l x 1" 
higher than the bulk crystal. (Northrup (1987)). Relaxing the 1 x 1 surface gives an energy, 
which is -0.13 to -0.18 eV/" lx l" relative to the unrelaxed surface. (Northrup et al. (1981X 
Pandey (1982), Nielsen et al. (1983) and Vanderbilt (1987a)). Therefore, a realistic structur-
al model for a surface reconstruction has to have an energy lower than this value. 
In Section 1.2.b the ir-bonded chain model for the cleaved surfaces was described and 
discussed. For Si a relaxation of the outer double layer in the model gives an energy of 
-rO.30 eV/"lxr (Pandey (1982)). The calculations have been performed on repeated slab 
geometries. Each slab contains 5 double layers and have inversion symmetry. The surface 
reconstructions which are present at both sides of the slab, are separated by vacuum. 
When the position of all atoms in the slab are relaxed the energy of the -rr-bonded chain 
model is found to be between -0.36 and -0.47 eVr 1 x 1" for Si and about -0.34 eV/" 1 x 1" 
for Ge (Northrup and Cohen (1982aJ983), Nielsen et al. (1983) and Vanderbilt (1987a)). 
The energy for Ge is estimated from the energy relative to an ideal unrelaxed antiferro-
magnetic ordered (2x1) geometry (-0.32 eV) and the energy gain (~ 0.02 eV) found for 
magnetic ordering on the Si(lll) surface (Northrup and Cohen (1982b,1983)). The small 
extent of the geometry in the direction normal to the surface causes some problems. The 
subsurface relaxations of the reconstructions on different sides of a slab interact. Due to 
the inversion symmetry of the slab the reconstruction on both sides of the slab benefit 
from the relaxations of the atoms in the middle. Therefore, the energy of the relaxed 
geometries are underestimated and the correct value for the energy gain is probably 
slightly smaller. 
The total energies of the 5 x 5 and 7x7 DAS structures on a Si(lll) surface have been 
calculated by the tight-binding method. (Qian and Chadi (1987a,c)). The adatoms and the 
outer three layers were relaxed. This gave the energies -0.403 eV/" 1 x 1" (7 x 7) and -0.395 
eVr 1 x 1" (5 x 5) which both are close to the energy of the ir-bonded chain model. A 
further decrease in the energy can be expected from a relaxation of deeper lying atoms. 
The energy difference between the 5 x 5 and 7x7 structure is only 8 meV, which seems 
reasonable considering that both structures are observed on the Ge(lll)-Sn surface with 
only a small change in Sn coverage. 
In order to estimate the elastic and electronic contribution to the total energy the results 
from ab-initio and Keating calculations can be combined (Qian and Chadi (1986) and 
Vanderbilt (1987b,c)). The presentation given below differs on some points from these 
works. 
First the elastic contributions are discussed. The Keating model with the parameters for 
Si, a = 0.201 eV/Å4 and {3/ot = 0.10, are applied on the 5 x 5 and 7 x 7 DAS structure. In 
contrast to Qian and Chadi (1986) and Vanderbilt (1987b,c) the adatoms are included. The 
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total strain energy is 18.95 eV and 34.93 eV for the 5 x 5 and 7x7 unit cell when the atoms 
are allowed to relax down to die sixth layer of the substrate. The strain induced by the 
adatoms are later included in die net electronic energy of the adatoms and it is therefore 
subtracted from the strain energy. The Keating calculation for a 2 x 2 adatom structure 
gives a strain energy EAdStrain = 2.41 cV per adatom. Subtracting the strain energy of the 
adatoms gives: 
5*5 
E . /(5*5) =3.80/25 eV = 0.152 eV/1*1 
strain 
7x7 
E . /(7*7) = 5.07/49 eV = 0.103 eV/1*1 
strain 
(3-1) 
These values are in good agreement with results for the adatom-free structures (Qian 
and Chadi (1986) and Vanderbilt (1987b,c). The density of the strain energy for the 5 x 5 
structure is considerably higher than for the 7 x 7 structure due to the higher density of 
dimers in the 5 x 5 structure: 0.240 for the 5x5 and 0.184 for the 7 x 7 structure. 
The (2n +1) x (2n+1) DAS structures have two kinds of dimers. Those that are pan of 
the corner holes and those that are not. Therefore, the strain energy can be divided into 
an average energy for a dimer E ^ and an extra strain energy of a corner hole EQJ 
(Qian and Chsdi (1986)): 
(2n+1)*(2n + 1) „ „ 
E . * 3n E d i m + E C H (3-2) 
strain 
The energies in (3-1) give two equations to determine E^n, and ECH. The values are: 
Edim = 0.423 eV 
(3-3) 
ECH = 1.260 eV 
The strain energy of any (2n +1) x (2n +1) DAS structure can be calculated from (3-2) 
and (3-3). 
Next the electronic contributions to the total energy is considered. In order to make 
consistent estimates all values are taken from Vanderbilt (1987a), except the value for 
the ideal terminated unrelaxed l x l surface which is taken from Northrup (1987). The 
total energy of a 2 x 2 adatom arrangement is: 
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E2 x 2reg = 5-36 e V / 2 x 2 (regular surface stacking) 
E 2 * 2flt = 5.44 eV/2 x 2 (faulted surface stacking) (3-4) 
The 2x2 unit cell consists of one adatom and one "rest atom". The energy of the "rest 
atom" is estimated to be equal to the energy cf a rest atom on the relaxed 1 x 1 surface: 
E«« = 1.45eV/atom (3-5) 
This value is assigned to the "rest atom* in both the regular and faulted parts of the unit 
cells. The stacking-fault energy is then only present in the adatom energies: 
EAdreg = 3.91 eV/adatom 
(3-6) 
E A dm= 3.99eV/adatom 
In the DAS structures these two kinds of adatoms are both present in equal numbers. 
Hence, an average value can be used: 
EAd = 3.95eV/adatom (3.7) 
The total energy is the sum of the elastic and electronic contributions: 
ETot „ 1 ( E C H + 3 n E d i m + p(n + 1)EAd + (n(n-1) + 1 ) E r e s t ) 
( 2 n + t ) 2 
(3-8) 
The energies calculated by this expression are displayed in Table 3.6 together with the 
energies for other relevant structures and the energies for the 5 5 and 7x7 structures 
calculated by the tight-binding method (Qian and Chadi (1987a,b)). The energies calcula-
ted by (3-8) are lowest for the 5 x 5 structure, but only 5 meV lower than the energy of the 
7x7 structure. The tight-binding calculations give an energy difference of 8 meV in 
favour of the 7 x 7 structure. This is a reasonable agreement considering the very different 
methods of calculation. 
-75-
Table 3.6. The total energy for different surface structures. 
a)Northrup(1987) 
b)Vanderbilt (1987a) 
c) According to equation (3-8) 
d)Northrup(1986) 
e) Qian and Chadi (1987a) 
Structure 
1*1 unrelaxed a' 
1*1 relaxed b> 
3x3 DAS c> 
5x5 •' c) 
7x7 •• c) 
9^9 " c) 
2*2 (T4) b> 
/3X/3 ( T 4 ) d ) 
2*1 w-bonded chain 
5*5 DAS e> 



























From Table 3.6 it is also clear that for slightly different parameters it is possible to obtain 
the ir-bonded chain model, the 5 x 5 or 7 x 7 DAS structures, the 2 x 2 adatom structure or 
the c(2 x 8) simple adatom model which is obtained by a small modification of the 2 x 2 
adatom structure (Figure 1.7). The energy calculations combined with the experimental 
results for the Ge(lll)-Sn surfaces offer a possible explanation for the observed structural 
transition: c(2 x 8) 7 x 7 DAS 5 x 5 DAS. For the pure Ge(lll) surface it is energetically 
more favourable to eliminate dangling bonds by adatoms in the c(2 x 8) simple adatom 
model rather than incur the high elastic energy of the DAS model. Substitution of the 
adatoms in the DAS structure by Sn atoms lowers the energy of this structure below the 
energy of the simple adatom model. This is probably due to the smaller substrate 




between the 7 W 7 and 5x5 DAS structure is the density of dimers or equivalently the 
elastic energy 'density (Equation 3-1). The analysis of the experimental results for the 
Ge(lll)5 x 5-Sn Sample suggested that approximately every third dimer atom closest to the 
corner holes is substituted by Sn. The elastic energy reduction due to this substitution has 
been calculated With the Keating model. It was found to be 23 meV/1 x 1 for the elastic 
parameters of Si fyJwch is enough to account for the change from the 7 x 7 to the 5x5 DAS 
structure. 
3.6 Summary and Conclusions 
The analysis of the x-ray diffraction experiments have shown that the Ge(lll)7 x 7-Sn and 
Ge(lll)5 x 5-Sn structures are described by the DAS model with Sn as adatoms. The 
refined atomic positions of the reconstructions are in good agreement with tight-binding 
calculations for the Si DAS structures. The agreement with elastic energy minimization 
by the Keating model is slightly worse due to the inability of this model to treat atoms 
which undergo modification of their electronic structure. The displacements in the 
second bilayer are in good qualitative agreement with the predictions of the Keating 
model. 
For the 5 x 5 structure the analysis gave indications of a Sn atom in the corner hole close to 
the atom with a dangling bond and of more charge on the dimer atom closest to the corner 
hole. About every third dimer atom was estimated to be substituted by Sn. An elastic 
energy calculation using the Keating model shows that Sn substitution gives a decrease in 
elastic energy, which explains the formation of the 5x5 structure instead of the 7 x 7 
structure. 
For die DAS structures the density of adatoms is 0.245 for the 7 x 7 and 0.240 for the 5 x 5 
structure. As the 7x7 structure is observed after deposition of 0.3-0.5 monolayers of Sn 
(Ichikawa and Ino (1981)), the adatoms account for practically all of the Sn in this 
reconstruction. The Sn coverage of the 5x5 structure, estimated from the analysis, is 0.37 
monolayers. Ichikawa and Ino determined that a minimum coverage of about 0.7 
monolayers is required to obtain the 5x5 structure with no admixture of the 7x7 
structure. The Sn atoms which are not located in the analysis can be either randomly 
substituted in the surface layers or be in disordered regions on the surface. The more 
physically appealing situation is a random distribution in the surface layers. The larger 
covalent radius of Sn compared to Ge, means that Sn substitution reduces the elastic 
energy cost of dimer formation. 
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APPENDIX A: The Keating Model 
The theories that existed in 1966 could not in a simple way give an explanation of the bulk 
elastic properties of covalent materials with zinc-blende structure. Keating (1966) propo-
sed a new simple two parameter model which has a form that is in agreement with the 
crystal symmetry. In this model the elastic energy is given by: 










1 2 2 
• x •. + -T r ) (A-l) 
where x*j is the vector from atom i to atom j and r0 is the equilibrium bond length. The 
parameters a and (3 describe the energy cost of bond length and bond-angle deformation, 
respectively. The factor 1/3 in the last term gives an equilibrium bond configuration 
which is tetrahedral (Figure A-l). 
Figure A-l: The tetrahedral 
configuration. 
bond 
The Keating model predicts a relation for the elastic constants which is found to be very 
well fulfilled for crystals with zinc-blende structure (Keating (1966) and Martin (1970)). 
The values of a and $ given by Keating and Martin (Table A-l) were chosen to reproduce 
the experimental long-wavelength elastic constants. However, when investigating relaxa-
tions in surface reconstructions it is the behaviour at finite wave vector which is of 
importance. If the phonon spectrum is calculated by the Keating model and the long-
wavelength values of a and P are used one sees that the transverse acoustic branch is 
inadequately described at the zone boundary. (Baraff et al. (1980)). The experimentally 
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TsbleA-1. Keating parameters from the long-wavelength (LW) limit and 
























a) Martin (1970) 
b) Baraff et al. (1980] 
c) Steif et al. (1987) 
determined branch is much lower in energy at the zone boundary than the Keating model 
predicts. A better overall agreement, throughout the Brillouin zone, is obtained when 
using a value for the B-parameter which is about 3 times smaller than the long-wavelength 
value (Baraff et al. (1980) and Steif et al. (1987)). Table A-l contains the parameters a and 0 
for Si and Ge. A representative value of the ratio B/a for both Si and Ge is 0.10 which has 
been used in the calculations described in this thesis. This value is also in accordance with 
the value B/a = 0.098 used by Qian and Chadi (19S6) and the value B/a = 0.131 estimated 
from ab-initio calculations of the phonon frequencies of Si (Jones (1987)). 
In order to perform calculations on surface structures with more than one kind of atom a 
generalized form of (A-l) is introduced: 
a l l I- J 
bonds 






 j ( b i + b j ) ( b i + b k ) 
, 2 
(A-2) 
where bt is the covalent radius of atom i. At this stage two points have to be considered: 
(1) a and 3 depend on atom type. (2) Some atoms are only bonded to three other atoms. 
The expression for the elastic energy in the Keating model is very simple and in order not 
to destroy the simplicity by speculative choices of parameters it was decided to try the 
most simple solutions to (1) and (2). Since, generally a and B are not known for bonds 
between different kind of atoms, they were chosen to have the same value as for the 
substrate bonds. Furthermore, the atoms with reduced coordination were also chosen to 
have tetrahedral equilibrium bond configurations. As shown below these choices gave 
relaxations that are in good agreement with the results from total-energy calculations. 
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The Keating calculation employs periodic boundary conditions parallel to the surface. At 
the interface between the surface reconstruction and the bulk a double layer fixed at ideal 
positions is used as the boundary condition. In the calculations it has to be specified which 
atoms are bonded to each other. The atomic positions are then determined by minimizing 
the elastic strain energy with respect to the atomic position. The form of the potential 
ensures that the minimum is well-defined. 
The structure of the Si(lll)/3 x /3-Si surface with adatoms at threefold coordinated sites 
above the second layer of substrate atoms (T4 site) has been obtained by ab-initio total-
energy calculations (Northrup (1986)). The calculations employ a repeated slab geometry 
with eight layers of atoms, with inversion symmetry, in each slab. The positions of the 
adatoms and the atoms in the outer three layer have been optimized (Figure A-2). 
Figure A-2: The atom labelling of the / 3 x /3-structure with adatoms at T4 sites 
(side view). 
The displacements are given in Table A-2 in units of a = 3.840 Å, the length of the basis 
vector in the 1x1 surface unit cell. The distances dj from the adatom to the first layer 
atoms and d2 from the adatom to the atom just below are also displayed in Table A-2. The 
atomic positions have also been obtained by minimizing the Keating energy (present 
work). The same atoms have been relaxed, as in the total-energy calculations, and the 
displacements are given in Table A-2. There is an excellent agreement between the results 
of the two calculations. The main discrepancy is for the distances from the adatom to its 
nearest neighbours. This reflects that the Keating model is too simple to give a good 
description of the heavily distorted bonds of the adatoms. 
Figure A-3 shows the Si(lll)2 x 2-Si (T4) surface and a labelling of the independent atoms 
is indicated. The atomic geometry has been determined by Vanderbilt (1987c) by ab-initio 
toial-energy calculations. A slab geometry with eight layers of atoms in each slab was used 
and all atomic positions were optimized. The results are displayed in Table A-3 together 
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TableA-2. Atomic displacements of the Si(lll)y3 x /3-Si (T4) surface from 
total-energy calculations (Northrup (1986)) and Keating calcula-
tions. 8rj and 8ZJ are the radial and normal displacement of atom i, 
respectively, d] and d2 are the distances from the adatom to the atoms 
in the first and second layer of the substrate, respectively. Distances 
are in units of a = 3.840 A. 
6r2 
5z2 
6 z 3 a 
6 z 4 a 
6
*3b 
6 z 4 b 
*1 
^2 
T o t a l Energy 
c a l c . 
- 0 . 0 3 9 
- 0 . 0 2 1 
- 0 . 1 0 2 
- 0 . 0 6 6 
0 . 0 2 5 
0 . 0 1 5 
0 . 6 4 8 
0 . 6 4 9 
Keat ing Energy 
c a l c . 
- 0 . 0 3 8 
- 0 . 0 0 4 
- 0 . 0 7 3 
- 0 . 0 5 0 
0 . 0 2 8 
0 . 0 1 8 
0 . 6 1 5 
0 . 5 6 8 
Sum of covalent radii: 0.612 
with the results from a Keating calculations (present work) in which the atoms in the 
outer six layers have been relaxed. As for the Si(lll)v/3 x /3-Si surface good agreement is 
observed, but again some discrepancy is seen for the distances from the adatoms to the 
nearest neighbours. The most significant deviation for the relaxations is for the in-plane 
Figure A-3: Atom labelling in the irreducible unit of the 2x2 (T4) adatom 
structure. Left-hand side: Adatoms and first bilayer. Right-hand 
side: Second bilayer. 
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Table A-3. The same as Table A-2, but for the Si(lll) 2 x 2-Si (T4) surface. The 





















































Sum of covalent radii: 0.612 
displacement of atom 3 and the displacement in the direction normal to the surface of 
atom 4. This is due to the lower coordination of atom 4 which has a dangling bond. This 
leads to an equilibrium bond configuration differing from tetrahedral. The Keating 
calculation does not take this into account. This point is discussed in detail in Section 3.4. 
The conclusion of the above comparisons of atomic relaxations from total-energy and 
Keating calculations, is that it is possible to obtain reliable predictions of the atomic 
displacements from Keating calculations. It is a great advantage that these very simple 
calculations can be used instead of total-energy calculations. The computer time required 
to optimize the Keating energy of a structure is orners of magnitude smaller than the time 
required in a total-energy calculation. Therefore, structures with much larger unit cells 
can be handled. However, it should not be forgotten that the electronic contributions to 
the energy in the Keating model are only included in a global approximation. For 
properties other than the geometric structure more advanced calculations have to be 
performed. 
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APPENDIX B: Subsurface Relaxation in the 
Ge(OOl) 2x1 Structure by the Keating Model 
The ideally terminated Ge(0Ol) surface has a high density of dangling bonds (Figure B-l). 
The reconstruction of the surface consists of a dimerization of the surface atoms and it 
gives rise to a 2 x 1 structure (Figure B-l). The atomic geometry of this surface has been 
determined by grazing-incidence x-ray diffraction (Eisenberger and Marra (1981), Grey 
(1986) and Grey et al. (1987)). The best data set contains the in-plane intensity of 27 
fractional-order reflections (Grey et al. (1987)). The intensity profiles in the direction 
(a) (b) 
Figure B-l. Side view of the ideally terminated Ge(001) surface (a) and the 
Ge(001) 2x1 surface with a symmetric dimer (b). 
normal to the surface of four fractional-order Bragg rods were also measured. The analysis 
of the in-plane structure factor intensities showed that a non-buckled, non-twisted dimer 
model with displacements of the second layer atoms is in agreement with experimental 
data (Figure B-2). The displacement of the dimer atoms is 0.206 ±0.003 and the displace-
ment of the second layer atoms is 0.019 ±0.003. (In this appendix the displacements 
parallel to the surface are in unit of the surface lattice constant, a = 4.000 Å for Ge and a = 
3.840 A for Si. Displacements in the direction normal to the surface are in units of the bulk 
lattice constant a0 = 5.658 Å for Ge and a0 = 5.431 Å for Si). 
The measured intensity variation along the fractional-order Bragg rods is shown as points 
in Figure B-3. The momentum transfer in the direction normal to the surface / is in units 
of the bulk reciprocal (001) lattice vector. The dramatic variation is due to the extent of the 
surface reconstruction in the direction normal to the surface. The analysis showed that 
significant relaxations are present down to the eighth layer of the substrate. The displace-
ments of the final model are displayed in Table B-l. 
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i r 
3' 2 3 2' 3' 
Figure B-2. Left-hand side: Side view of the dimer model. The atom labelling is 
shown and the directions of the displacements are indicated by 





















5/2 0 1/2 1 
m — 
A***-
c 2 — i % r j 1 1 
0 0.5 0.0 0.5 0.0 0.5 0.0 0.5 1.0 
I 
Figure B-3. The intensity variation along four of the fractional-order Bragg 
rods. The momentum transfer / in the direction normal to the 
surface is in units of the bulk reciprocal (001) lattice vector. Experi-
mental results are shown as points. The full curve is calculated from 
the structure determined by the Keating calculation. 
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Table B-1. Atomic displacements (Ax,Az) for the dimer model. Ax is in units of 
a = 4.000 Å for Ge and a = 3.840 Å for Si. Az is in units of a^ , = 5.658 
Å for Ge and a0 = 5.431 Å for Si. 
* : a fixed parameter 
**: a parameter fixed due to the symmetry 
1): a parameter fixed and estimated from tight-binding and 
ab-initio total-energy calculations 
a) X-ray diffraction experiment (Grey (1986)), 
Grey etal. (1987)) 
b) Keating calculation (present work) 
c) Tight-binding calculation (Pollman et al. (1987)) 
d) Keating calculation for the long-wavelength parameters 
(Appelbaum and Hamann (1978)) 
e) Ab-initio total-energy calculation (Yin and Cohen (1981)) 
f) LEED experiment (Holland et al. (1984)). 
8 
8 ' 
Experiment a ' 
0 .200(3) , 0 . 0 * 1 
-0.200(3), 0.0*J 
0.020(3), 0.0*1 
- 0 .020 (3 ) , 0 .0* J 
0 . 0 * * , -0 .027(41 
0 .0** , 0.027(4) 
0 .0** , -0 .027(4) 
0 .0** , 0 .027(4] 
- 0 .012 (2 ) , 0 .0* ' 
0 .012(2) , 0 .0* 
- 0 .012 (2 ) , 0 .0* 
0 .012(2) , 0 .0* ^ 
0 .0** , 0.010(5? 
0.0»* , -0 .010(5) 
0 .0** , 0.010(5) 
0 .0* * , -0 .010(5) 
Ge(0O1)2><1 
Keating 
ca l cu la t i on 1 3 ' 




-0 ,026, -0 .002 
0.O**,-0.024 
0 . 0 * * , 0.022 
0 .0* * , -0 .017 
0 . 0 * * , 0.016 
-o.on, o.ooo 
0.013, 0.000 
-0 .004 , C.000 
0.004, 0.000 
0 . 0 * * , 0.003 
0 .0* * , -0 .002 
0 . 0 * * , 0.002 
0 .0* * , -0 .002 
T.B. 
c a l c u l a t i o n 0 ' 
0.115, 0.020 
















c a l c u l a t i o n " ' 
l i /c = 0.32 
0.181,-0.027 
-0 .181, -0 .027 
0.031,-0.001 
-0.031,-0.001 
0 .0** , -0 .024 
0 . 0 * * , 0.024 
0 .0** , -0 .013 
0 . 0 * * , 0.013 









A b - i n i t i o 
c a l c u l a t i o n e ' 
0 .149,-0.029 
-0 .270, -0 .086 
0.024,-0.009 
-0 .030 , 0.004 
-0 .002, -0 .034 
-0 .009, 0.024 
0.016,-0.025 










Exper imentf ' 
0.130, -0.046 
-0 .234 , -0.113 
0.024, -0.004 
-0 .027 , 0.O10 
- 0 . 0 0 4 * 1 , 0.O271 ' 
- O . O O l " , 0.024'> 











The brackets indicate the atoms which have been restricted to move together in the 
model, in order to reduce the number of parameters. The direction of the displacements 
are shown by arrows in Figure B-2, and they can be interpreted as elastic relaxations due to 
the formation of the dimer bond. These aspects have been further elucidated by a 
calculation and minimization of the elastic strain described by the Keating model 
(Keating (1966)). The details of the calculations and the choice of parameters are discussed 
in Appendix A. In the minimization of the strain energy the position of 12 layers of atoms 
were optimized. The displacements in the two deepest layers were negligible which shows 
that the structure is fully relaxed. The displacements of the upper eight layers are shown in 
Table B-l, and they are in good agreement with the experimentally determined displace-
ments. The table also contains the structure determined by a tight-binding calculation 
(Pollmann et al. (1987)), by a previous Keating calculation for the value of the elastic 
parameters from the long-wavelength limit (Appelbaum and Hamann (1978)). The displa-
cements for the similar Si(001)2 x 1 surface, determined by ab-initio total-energy calcula-
tions (Yin and Cohen (1981)) and by a LEED experiment (Holland et al. (1984)), are also 
shown. In contrast to the x-ray diffraction experiment, the total-energy calculations and 
the LEED experiment are in favour of a buckled dimer model. 
The structure determined by the Keating calculation have been used to calculate the 
intensity variation shown as a full curve in Figure B-3. Only a scale factor and a common 
Debye-Waller factor for the Ge atoms has been least-square fitted and the agreement x2 = 
5.0 was obtained compared to the value x2 = 2.7 for the model by Grey et al. (1987). The 
agreement between the experimental data and the curves is quite good and it can be 
concluded that the Keating model also for this structure give atomic relaxations which are 
in agreement with experiment. 
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APPENDIX C: Data: Rodscans of the a-Phase of 
the Geflll) /3 x /3-Sn and Ge(Ul) / 3 x /3-Pb 
Surfaces 
Measured structure factor intensities iF^y exPp, experimental uncertainties ahk and 
model structure factor intensities |FhW mod|2 for the best model. See Chapter 2 for more 
information. 
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l ^ f i 2 + / - a h k 
2 4 . 9 6 + / - 1 . 0 5 
2 0 . 6 8 + / - 1 . 0 5 
1 7 . 5 9 + / - 1 . 0 5 
1 8 . 1 5 + / - 1 . 0 5 
1 5 . 6 2 + / - 1 - 0 5 
1 7 . 2 7 + / - 1 . 0 5 
1 7 . 9 1 + / - 1 . 0 5 
1 6 . 9 5 + / - 1 . 0 5 
8 . 1 7 + / - T . 0 5 
6 . 0 6 + / - 1 . 0 5 
4 . 2 3 + / - 1 . 0 5 
4 . 5 2 + / - 1 . 0 5 
9 . 9 3 + / - 1 . 0 5 
1 8 . 7 3 + / - 1 . 0 5 
2 3 . 7 7 + / - 1 . 0 5 
2 7 . 6 0 + / - 1 . 0 5 
2 0 . 0 3 + / - 1 . 0 5 
1 3 . 4 6 + / - 1 . 0 5 
1 0 . 5 0 + / - 1 . 0 5 
1 1 . 5 5 + / - 1 . 0 5 
1 3 . 3 8 + / - 1 . 0 5 
1 7 . 1 9 + / - 1 - 0 5 
2 4 . 4 1 + / - 1 . 0 5 
2 4 . 1 2 + / - 1 . 0 5 
3 . 8 3 + / - 1 . 0 5 
1 .95+ / -1 .05 
0 . 3 7 + / - 1 . 0 5 
2 . 1 1 + / - 1 . 0 5 
2 .64+ / -1 .Q5 
4 . 4 2 + / - 1 . 0 5 
7 . 3 0 + / - 1 . 0 5 
6 . 7 7 + / - 1 . 0 5 
5 . 6 2 + / - 1 . 0 5 
4 . 2 1 + / - 1 . 0 5 
7 . 9 0 + / - 1 . 0 5 
9 . 2 4 + / - 1 . 0 5 
7 . 6 3 + / - 1 . 0 5 
5 . 8 2 + / - 1 . 0 5 
5 . 9 6 + / - 1 . 0 5 
3. 1 5 + / - L 0 5 
2 3 . 3 7 + / - 1 . 0 5 
2 3 . 3 0 + / - 1 . 0 5 
2 3 . 1 0 + / - 1 . 0 5 
15. 73+/--1.05 
1 2 . 4 5 + / - 1 . 0 5 
1 4 . 0 6 + / - 1 . 0 5 
1 3 . 7 2 + / - 1 . 0 5 
1 2 . 5 2 + / - 1 . 0 5 
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APPENDIX D: Data: In-plane Intensities for the 
Ge(Ul) 5 x 5-Sn Reconstruction 
In the figure the stars indicate the positions of the integer-order reflections. The filled 
circles are the fractional-order reflections and the area is proportional to the measured 
structure factor intensity IF^^I 2 . The table contains the measured structu-e factor 
intensity |FhkcxPp, experimental uncertainties a ^ and model structure factor intensities 
|Fhkmodl2 f°r t n e Des t model. See Chapter 3 for more information. 
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APPENDIX E: Data: In-plane Intensities for the 
Ge(lll) 7 x 7-Sn Reconstruction 
In the figures the stais indicate die positions of the integer-order reflections. The filled 
circles are the fractional-order reflections and the area is proportional to the measured 
structuie factor intensity |FhkexP|2. The data for Si(lll) 7x7 (Robinson et ai. (1988)) is 
displayed in a figure for comparison. The table contains the measured structure factor 
intensity |Frhkexpl2* experimental uncertainties o ^ and model structure factor intensities 
|Fhkmod |2 for the best model. See Chapter 3 for more information. 
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Data set Ge(lll) 7 x 7-Sn no. 1: 7.h 7-k * ? ? ' • / - « hk hk mod ,2 rhk 
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Abstract (Max. 2000 char.) 
Abstract: This report describes surface x-ray diffraction studies of Ge(lll) surfaces covered by 
submonolayers of Sn and Pb. The report is divided into three parts: The first part is a brief 
review of the properties of the "clean" Si(lll) and Ge(lll) surfaces, of the properties of the Sn- and 
Pb-covered Ge(lll) surfaces, and of the surface x-ray scattering technique. Part two of the report 
concerns x-ray scattering measurements on the a-phase of the Ge(lliy 3 x / 3-Sn and the 
Ge(lll),/3 x y 3-Pb reconstructions. The structure factor analysis shows a significant relaxation 
in the Ge substrate induced by the Sn/Pb adatoms. The registry of the adatoms is determined 
from the analysis of the integer-order reflections. The intensity profiles of the fractional-order 
Bragg rods display a pronounced variation, which is explained by subsurface relaxation extend-
ing four atomic layers into the bulk. Part three of the report describes the structure of the 7 x 7 
and 5x5 reconstructions that are observed after deposition of submonolayers of Sn on the 
GeflU) surface and subsequent annealing. The diffraction patterns for both structures show 
considerable similarity with the pattern for Si(lll)7 x 7, and the analysis shows that the Dimer-
Adatom-Stacking-fault (DAS) model also is applicable to the Sn-induced Ge(lll)7x7 and 
Ge(lll)5 x 5 structures. The adatoms are identified to be Sn. The results of the refinement of the 
atomic coordinates show that the atoms in the upper five atomic layers are displaced from their 
ideal positions. The displacements around the adatoms are similar to the displacements of the 
Ge(Ul)v/3 x t/3-Sn surface. Furthermore, the observed relaxations are in good agreement with 
the predictions of total-energy calculations. In order to perform a detailed comparison between 
the experimentally and theoretically determined atomic positions, a series of elastic strain 
calculations by the Keating model have been carried out. It is demonstrated that this model gives 
a good description of the atomic relaxations of the Ge(lll)/3 x /3-Sn (Pb), Ge(lll)7 x 7-Sn, and 
Ge(lll)5 x 5-Sn surfaces. 
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